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THE MOVEMENTS OF PLANTS. 



INTRODHCTIOX. 

The chief object of the present work is to describe 
and connect together several large classes of move- 
ment, common to almost all plants. The most widely 
prevalent movement is essentially of the same nature 
as that of the stem of a climbing plant, which bends 
successively to all points of the compass, so that the 
tip revolves. This movement has been called by 
Sachs “ revolving nutation but we have found it 
much more convenient to use the terms circumnutation 
and circumnutate. As we shall have to say much 
about this movement, it will be useful here briefly to 
describe its nature. If we observe a circumnutating 
stem, which happens at the time to be bent, w'e will 
say towards the north, it will be found gradually to 
bend more and more easterly, until it faces the east ; 
and so onwards to the south, then to the west, and 
l)ack again to the north. If the movement had been 
quite regular, the apex would have described a circle, 
or rather, as the stem is always growing upwards, a 
circular spiral. But it generally describes irregular 
elliptical or oval figures ; for the apex, after point- 
ing in any one direction, commonly moves back 
to the opposite side, not, however, returning along 
the same line. Afterwards other irregular ellipses 
or ovals are successively described, with their longer 
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axes directed to different points of the compass. 
Whilst describing such figures, the apex often travels 
in a zigzag line, or makes small subordinate loops or 
triangles. In the case of leaves the ellipses are 
generally narrow. 

Until recently the cause of all such bending move- 
ments was believed to be due to the increased growth 
of the side which becomes for a time convex ; that this 
side does temporarily grow more quickly than the 
concave side has been well established ; but De \ ries 
has lately shown that such increased growth follows 
a previously increased state of turgescence on the 
convex side.* In the case of parts provided with a 
so-called joint, cushion or pulvinus, which consists of 
an aggregate of small cells that have ceased to 
increase in size from a very early age, we meet with 
similar movements ; and here, as Pfeffer has shown f 
and as we shall see in the course of this work, 
tlie increased turgescence of the cells on opposite 
sides is not followed by increased growth. Wiesner 
denies in certain cases the accuracy of De Vries’ con- 
clusion about turgescence, and maintains J that the 
increased extensibility of the cell-walls is the more 
important element. That such extensibility must 
accompany increased turgescence in order that the part 
may bend is manifest, and this has been insisted on by 
several botanists ; but in the case of unicellular plants 
it can hardly fail to be the more important element. 
On the whole we may at present conclude that iu- 



* Sachs first showed eRchr- 
huch,’ &o., 4th edit. p. 452) the 
intimate connection bi tween tnr- 
g<'Soeiice and growth. Fur Do 
Vries’ interesting essay, ‘ Wnchs- 
tliumskriiinmungin mehrzelliger 
Organe,’ see ‘ Dot. Zcitung,’ Deo. 



19, 1879, p. 830. 

t ‘Die Periodisehen Beweguu- 
gi n der Blattorgane,’ 1875. 

t ‘ Untersuehungon fiber den 
Hcliotropismus,’ Sitzb. der K. 
Akad. derWissenschaft. (Vienna), 
Jan. 1880. 
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creased growth, first on one side and then on another, 
is a secondary effect, and that the increased tur- 
gescence of the cells, together with the extensibility 
of their walls, is the primary cause of the movement of 
circumnutation.* 

In the course of the present volume it will be shown 
that apparently every growing part of every plant is 
continually circumnutating, though often on a small 
scale. Even the stems of seedlings before they have 
broken through the ground, as well as their buried 
radicles, circumnutate, as far as the pressure of the 
surrounding earth permits. In this universally pre- 
sent movement we hav'e the basis or groundwork for 
the acquirement, according to the requirements of the 
plant, of the most diversified movements. Thus, the 
great sweeps made by the stems of twining plants, 
and by the tendrils of other climbers, result from 
a mere increase in the amplitude of the ordinary 
movement of circumnutation. The position which 
young leaves and other organs ultimately assume 
is acquired by the circumnutating movement being 
increased in some one direction. The leaves of 
various plants are said to sleep at night, and it will 
be seen that their blades then assume a vertical 
position through modified circumnutation, in order 
to protect their upper surfaces from being chilled 
through radiation. The movements of various organs 
to the light, which are so general throughout the 
vegetable kingdom, and occasionally from the light, 
or transversely with respect to it, are all modified 



» See Mr. Vine’s excellent dis- 
cussion (‘ Arbeitcn des Bot. Insti- 
tuts in Wiiizburg,’ B. II. pp H2, 
H3, 1878) on this intiicate subject. 
Hofmeister’s observations (‘Jiih- 
reschrifte des Vercius fur Vaterl. 



Ntiturknnde in Wurtemberg,’ 
1874, p. 211) on the curious move- 
ments of Spirogyra, a plant con- 
sisting of a single row of cells, aro 
valuable in relation to this subject. 
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forms of circumnutation ; as again are the equally 
prevalent movements of stems, &c., towards the zenith, 
and of roots towards the centre of the earth. In 
accordance with these conclusions, a considerable diffi- 
culty in the way of evolution is in part removed, for 
it might have been asked, how did all their diversified 
movements for the most different purposes first arise ? 
As the case stands, we know that there is always 
movement in progress, and its amplitude, or direc- 
tion, or both, have only to he modified for the good 
of the plant in relation with internal or external 
stimuli. 

Besides describing the several modified forms of 
circumnutation, some other subjects will be discussed. 
The two which have interested us most are, firstly, the 
fact that with some seedling plants the uppermost 
part alone is sensitive to light, and transmits an influ- 
ence to the lower part, causing it to bend. If there- 
fore the upper part be wholly protected from light, 
the lower part may be exposed for hours to it, and yet 
does not become in the least bent, although this would 
have occurred quickly if the upper part had been 
excited by light. Secondly, with the radicles of seed- 
lings, the tip is sensitive to various stimuli, espe- 
cially to very slight pressure, and, when thus excited, 
transmits an influence to the upper part, causing it to 
bend from the pressed side. On the other hand, if 
the tip is subjected to the vapour of water proceeding 
from one side, the upper part of the radicle bends 
towards this side. Again it is the tip, as stated by 
Ciesielski, though denied by others, which is sensitive 
to the attraction of gravity, and by transmission causes 
the adjoining parts of the radicle to bend towards the 
centre of the earth. These several cases of the effects 
of contact, other irritants, vapour, light, and the 
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attraction of gravity being transmitted from the ex- 
cited part for some little distance along the organ in 
question, have an important bearing on the theory of 
all such movements. 

Terminology . — A brief explanation of some terms -wliich will 
bo used, must here be given. With seedlings, the stem which 
supports the cotyhdons (i.e. the organs which represent the first 
leaves) has been called by many botanists the hypoeotylcdonous 
stem, but for brevity sake we will speak of it merely as the 
hypocotyl: the stem immediately above the cotyledons will be 
called the epicoiyl or plumule. The radids can be distinguished 
from the hypocotyl only by the presence of root-hairs and the 
nature of its covering. The meaning of the word circumnu- 
tatiem has already been explained. Authors sj)eak of positive 
and negative lieliotropism,*— that is, the bending of an organ 
to or from the light ; but it is much more convenient to confine 
the w’ord hdiutr<pism to bending towards the light, and to 
designate as apheliotropism bending from the light. There is 
another reason for this change, for writers, as we have 
observed, occasionally drop the adjectives positive and mgative, 
and thus introduce confusion into their discussions. Diahelin- 
tropisn may express a position more or less transverse to 
the light and induced by it. In like manner positive geotro- 
pism, or bending towards the centre of the earth, will bo 
called by us geotropism ; apogeotropism will mean tending in 
opposition to gravity or from the centre of the earth ; and dia- 
geotropism, a position more or less transverse to the radius of 
the earth. The words heliotropism and geotropism properly 
mean the act of moving in relation to the light or the earth ; 
but in the same manner as gravitation, though defined as “ the 
act of tending to the centre,” is often used to express the cause 
of a body falling, so it will be found convenient occasionally to 
employ heliotropism and geotropism, &c., as the cause of the 
movements in question. 

The terra epinnsty is now often used in Germany, and implies 
that the upper surface of an organ grows more quickly than the 



• The highly useful terms of Frank : see his remarkable ‘ Bei- 
Ilcliotropism and Geotropism tiiigo zur Pflanzenpliysiologie,’ 
weie first used by Dr. A. B. 1808. 
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lower surface, and thus causes it to bend downwards. Hyi^ 
nasty is the. reverse, and implies increased growth along the 
lower surface, causing the part to bend upwards.* 

Methods of Obserualion . — The movements, sometimes very 
small and sometimes considerable in extent, of the various 
organs observed by us, were traced in the manner which after 
many trials we foimd to be best, and which must be described. 
Plants growing in pots were protected wholly from the light, 
or had light admitted from above, or on one side as the case 
might require, and were covered above by a large horizontal 
sheet of glass, and with another vertical sheet on one side. A 
glass filament, not thicker than a horsehair, and from a quarter 
to tliree-quarters of an inch in length, was affixed to the part to 
be observed by means of shellac dissolved in alcohol. The 
solution was allowed to evaporate, until it became so thick that 
it set hard in two or three seconds, and it never injured the 
tissue-s, even the tips of tender radicles, to which it was applied. 
To the end of the glass filament an excessively minute bead of 
black sealing-wax was cemented, below or behind which a bit of 
cardwdth a black dot was fixed to a stick driven into the ground. 
The weight of the filament was so slight that even small leaves 
were not perceptibly pressed down. Another method of obser- 
vation, when much magnification of the movement was not 
required, will presently bo described. The bead and the dot 
on the card were viewed through the horizontal or vertical 
glass-plate (according to the position of the object), and when 
one exactly covered the other, a dot was made on the glass-plate 
with a sharply pointed stick dipped in thick Indian-ink. Other 
dots were made at short intervals of time and these were after- 
wards joined by straight lines. The figures thus traced were 
therefore angular; but if dots had been made every 1 or 
2 minutes, the lines would have been more curvilinear, as 
occurred when radicles were allowed to trace their own 
courses on smoked glass-plates. To make the dots accurately 
was the sole diflSculty, and i-equired some practice. Nor could 
this bo done quite accurately, when the movement was much 
magnified, such as 30 times and upwards; yet even in this 
case the general course may be trusted. To test the accuracy 
of the above method of observation, a filament was fixed to an 



* These terms are used in the ‘ Wurzburg Arbeiton,’ Heft ii. 
sense given them by De Vries, 1872, p. 252. 
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inanimate object which was made to siide along a straight 
edge and dots were repeatedly made on a glass-plate; when 
these were joined, the result ought to have been a perfectly 
straight line, and the line was very nearly straight. It may be 
added that when the dot on the card was placed half-an-inch 
below or behind the bead of sealing-wax, and when the glass- 
plate (supposing it to have been properly curved) stood at a 
distance of 7 inches in front (a common distance), then the 
tracing represented the movement of the bead magnified 15 
times. 

Whenever a great increase of the movement was not required, 
another, and in some respects better, method of observation was 
followed. This consisted in fixing two minute triangles of thin 
paper, about inch in height, to the two ends of the attached 
glass filament ; and when their tips were brought into a line so 
that they covered one another, dots were made as before on the 
glass-plate. If we suppose the glass-plate to stand at a dis- 
tance of seven inches from the end of the shoot bearing the 
filament, the dots when joined, will give nearly the same figure 
as if a filament seven inches long, dipped in ink, had been 
fixed to the moving shoot, and had inscribed its own course 
on the plate. The movement is thus considerably magnified; 
for instance, if a shoot one inch in length were bending, and 
the glass-plate stood at the distance of seven inches, the move- 
ment would be magnified eight times. It would, however, have 
been very difficult to have ascertained in each case how great 
a length of the shoot was bending ; and this is indispensable 
for ascertaining the degree to which the movement is magnified. 

After dots had been made on the glass-plates by either of 
the above methods, they were copied on tracing paper and 
joined by ruled lines, with arrows showing the direction of the 
movement. The nocturnal courses are represented by straight 
broken lines. The first dot is always made larger than the 
others, so as to catch the eye, as may be seen in the diagrams. 
The figures on the glass-plates were often drawn on too large 
a scale to be reproduced on the pages of this volume, and the 
proportion in which they have been reduced is always given.* 
Whenever it could be approximately told how much the move- 
ment had been magnified, this is stated. We have perhaps 



* We are much indebted te he has reduced and engi-aved our 
Mr. Cooper for the care with which diagrams. 
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introduced a superfluous number of diagrams ; but they take 
up less space than a full description of the movements. Almost 
all the sketches of plants asleep, &c., were carefully drawn 
for us by Mr. George Darwin. 

As shoots, leaves, &c., in circuranutating bend more and 
more, first in one direction and then in another, they were 
necessarily viewed at different times more or less obliquely 
and as the dots were made on a flat surface, the apparent 
amount of movement is exaggerated according to the degree 
of obliquity of the point of view. It would, therefore, have 
been a much better plan to have used hemispherical glasses, 
if we had possessed them of all sizes, and if the bending part 
of the shoot had been distinctly hinged and could have been 
placed so ns to have formed one of the radii of the sphere- 
But even in this case it would have been necessary afterwards 
to have projected the figures on paper; so that complete 
accuracy could not have been attained. From the distortion 
of our figures, owing to the above causes, they are of no use 
to any one who wishes to know the exact amount of movement, 
or the exact coui-se pui-sued; but they serve excellently for 
ascertaining whether or not the part moved at all, as -well as 
the general character of the movement. 



In the following chapters, the movements of a con- 
siderable number of plants are described ; and the 
species have been arranged according to the system 
adopted by Hooker in Le Maout and Decaisne’s ‘ De- 
scriptive Botany.’ No one who is not investigating 
the present subject need read all the details, which, 
however, we have thought it advisable to give. To 
save the reader trouble, the conclusions and most of 
the more important parts have been printed in larger 
type than the other parts. He may, if he thinks fit, 
read the last chapter first, as it includes a summary 
of the whole volume; and he will thus see what 
points interest him, and on which he requires the 
full evidence. 

Finally, we must have the pleasure of returning our 
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sincere thanks to Sir Joseph Hooker and to Mr. W. 
Thiselton Dyer for their great kindness, in not only 
sending us plants from Kew, but in procuring others 
from several sources when they were required for our 
observations ; also, for naming many species, and giving 
us information on various points. 
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CIBCUMNUTATION OF SEEDLINGS. Chap. L 



CHAPTER I. 

The CiKCCM.NUTATiNo Movements op Seedling Flantb. 

Bras^ica oleracea, circumnutation of the radicle, of the arched hypo- 
cotyl whilst still buried beneath the ground, whilst rising above the 
ground and straightening itself, and wlien erect — Circumnutation 
of the cot} ledons — Rate of movement — Analogous observations on 
various organs in species of Githngo, Gossypium, Oxalis, Tro- 
|>seulum, Citrus, .®sculus, of several Leguminous and Cucurbita- 
ceous genera, Opuntia, Helianthus, Primula, Cyclamen. Stapela, 
Cerintbe, Nolana, Solanuni, B. ta, Eicinus, Quercus, Corylus, Pinus, 
Cycas. Canna, Allium, Asparagus, Phuhiris, Zea, Aveiia Nephro- 
dium, and Selaginella. 

The following chapter is devoted to the circum- 
nutating movements of the radicles, hypocotyls, and 
cotyledons of seedling plants ; and, when the coty- 
ledons do not rise above the ground, to the movements 
of the epicotyl. But in a future chapter we shall have 
to recur to the movements of certain cotyledons which 
sleep at night. 

Brassica oleracea (Cruci/erce ). — Fuller details will lie given 
with respect to the movements in this case than in any other, 
as space and time will thus ultimately be saved. 

Badicle . — A seed with the radicle projecting -05 inch was 
fastened with shellac to a little plate of zinc, so that the 
radicle stood up vertically; and a fine glass filament was then 
fixed near its base, that is, close to the seed-coats. The seed 
was surrounded by little bits of wet sponge, and the move- 
ment of the bead at the end of the filament was traced (Fig. 1) 
during sixty hours. In this time the radicle increased in 
length from ’05 to T1 inch. Had the filament been attached at 
first close to the apex of the radicle, and if it could have re- 
mained there all the time, the movement exlubited would have 



© The Complete Work of Charles Darwin Online 



Cu.\?. I. 



BRASSICA. 



11 



been much greater, for at the close of our observations the tip, 
instead of standing vertically upwards, had become bowed 
downwards through geotropism, so as almost to touch the zinc 
plate. As far as we could 
roughly ascertain by measure- 
ments made with compasses 
on other seeds, the tip alone, 
for a length of only to 
yj .5 of an inch, is acted on 
by geotropism. But the trac- 
ing shows that the basal part 
of the radicle continued to 
circumnutate irregularly dur- 
ing the whole time. The 
actual extreme amount of 
movement of the bead at the 
end of the filament was nearly 
■05 inch, but to what extent 
the movement of the radicle 
was magnified by the fila- 
ment, which was nearly i inch 
in length, it was impossible 
to estimate. 

Another seed was treated and observed in the same manner, 
but the radicle in this case protruded ’1 inch, and was not 



Fig. 2. 




\ 

Hrassica oleracea ; oircumnutating and geotropic movement of r.idicle, 
traced on horizontal glass during 46 hours. 

fastened so as to project quite vertically upwards. The filament 
was affixed close to its base. The tracing (Fig. 2, reduced by 
half) shows the movement from 9 a.m. Jan. 31st to 7 A.ti. 
Feb. 2nd; hut it continued to move during the whole of tho 




end of filament magnified about 
40 times. 
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2ud in the same general direction, and in a similar zigzag 
manner. From the radicle not being quite perpendicular when 
the filament was affixed geotropism came into play at once; 
hut the irregular zigzag course shows that there was growth 
(probably preceded by turgescence), sometimes on one and 
sometimes on another side. Occasionally the bead remained 
stationary for about an hour, and then probably growth occurred 
on the side opposite to that which caused the geotropic curva- 
ture. In the case previously described the basal part of the 
very short radicle from being turned vertically upwards, was at 
first very little affected by geotropism. Filaments were affixed 
in two other instances to rather longer radicles protruding 
obliquely from seeds which had been turned upside down ; and 
in these cases the lines traced on tho horizontal glasses were 
only slightly zigzag, and the movement was always in the same 
general direction, through the action of geotropism. All these 
observations are liable to several causes of error, but we believe, 
from what will hereafter be shown with respect to the move- 
ments of the radicles of other plants, that they may be largely 
trusted. 

lJypocotyl.—1\\c hypocotyl protrudes through the seed-coats 
as a rectangular projection, which grows rapidly into an arch 
like the letter U turned upside down n 1 tbe cotyledons being 
still enclosed within the seed. In whatever position the seed 
may be embedded in the earth or otherwise fixed, both legs of 
the arch bend upwards through apogeotropism, and thus rise 
vertically above the ground. As soon as this has taken place, 
or even earlier, the inner or concave surface of the arch grows 
more quickly thau the upper or convex surface; and this tends 
to separate the two legs and aids in drawing the cotyledons out 
of the buried seed-coats. By the growth of the whole arch the 
cotyledons are ultimately dragged from beneath the ground, even 
from a considerable depth; and now the hypocotyl quickly 
straightens it.self by the increased growth of the concave side. 

Even whilst the arched or doubled hypocotyl is still beneath 
the ground, it circumnutates as much as the pressure of the sur- 
rounding soil will permit; but this was difficult to observe, 
because as soon as the arch is freed from lateral pressure the two 
legs begin to separate, even at a very early age, before the arch 
would naturally have reached the surface. Seeds were allowed 
to germinate on the surface of damp earth, and after they had 
fixed themselves by their radicles, and after the, as yet, only 
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slightly arched hypocotyl had become nearly vertical, a glass 
filament was affixed on two occasions near to the base of the 
basal leg (i.e. the one in connection with the radicle), and its 
movements were traced in darkness on a horizontal glass. The 
result was that long lines were formed running in nearly the 
plane of the vertical arch, due to the early separation of the 
two legs now freed from pressure ; but as the lines were zigzag, 
showing lateral movement, the arch must have been circum- 
nutating, whilst it was straightening itself by growth along its 
inner or concave surface. 

A somewhat different method of observation was next followed : 



Fig. 3. 




.md here reduced to one-half of original scale. 

as soon as the earth with seeds in a pot began to crack, the 
surface was removed in parts to the depth of "2 inch ; and a 
filament was fixed to the basal leg of a buried and arched hypo- 
cotyl, just above the summit of the radicle. The cotyledons 
were still almost completely enclosed within the much-cracked 
sced-coats ; and these were again covered up with damp adhesive 
soil pressed pretty firmly down. The movement of the filament 
was traced (Fig. 3) from 11 a.m. Feb. 5th till 8 a.m. Feb. 7th. 
By this latter period the cotyledons had been dragged from 
beneath the pressed-down earth, but the upper part of the 
hypocotyl still formed nearly a right angle with the lower part. 
The tracing shows that the arched hypocotyl tends at this early 
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age to circumnutate irregularly. On the first day the greater 
movement (from right to left in the figure) was not in the plane 
of the vertical and arched hypocotyl, but at right angles to it, or in 
the plane of the two cotyledons, which were still in close contact. 
The basal leg of the arch at the time when the filament was 
affixed to it, was already bowed considerably backwards, or 
from the cotyledons ; had the filament been affixed before this 
bowing occurred, the chief movement would have been at right 
angles to that shown in the figure. A filament was attached to 
another buried hypocotyl of the same age, and it moved in a 
similar general manner, but the line traced was not so complex. 
This hypocotyl became almost straight, and the cotyledons were 
dragged from beneath the ground on the evening of the second day. 




Srassica oleracea ; circumnutntiiig movement of buried and arched hypo- 
cotyl, with the two legs of the arch tied together, traced on horizontal 
glass during 33} hours. Movement of the bead of filament magnified 
about 26 times, and here reduced to one-half original scale. 

Before the above observations were made, some arched hypo- 
cotyls buried at the depth of a quarter of an inch were un- 
tovered; and in order to prevent the two legs of the arch 
from beginning to separate at once, they were tied together with 
fine silk. This was done partly because we wished to ascertain 
how long the hypocotyl, in its arched condition, would continue 
to move, and whether the movement when not masked and 
disturbed by the straightening process, indicated circumnu- 
tation. Firstly, a filament was fixed to the basal leg of an 
arched hypocotyl close above the summit of the radicle. The 
cotyledons were still partially enclosed within the seed-coats. 
The movement was traced (Fig. 4) from 9.20 a.M. on Dec. 
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23rd to 6.45 a.m. on Dec. 25th. No doubt the natural move- 
ment was much disturbed by the two legs having been tied 
together ; but we see that it was distinctly zigzag, first in one 
direction and then in an almost opposite one. After 3 p.m. on 
the 24th the arched hypocotyl sometimes remained stationary 
for a considerable time, and when moving, moved far slower than 
before. Therefore, on the morning of the 25th, the glass fila- 
ment was removed from the base of the basal leg, and was fixed 
horizontally on the summit of the arch, which, from the legs 
having been tied, had grown broad and almost flat. The 
movement was now traced during 23 hours (Fig. 5), and we 



Fig. 5. 




Brassica oleracea: circunoLutating movement of the crown of a buried and 
arched hypocotyl, with the two legs tied together, traced on a hori- 
zontal glass daring 23 hom-s. Movement of the bead of the filament 
magnified about 58 times, and here reduced to one-half original 



see that the course was still zigzag, which indicates a tendency 
to circumnutation. The base of the basal leg by this time had 
almost completely ceased to move. 

As soon as the cotyledons have been naturally dragged from 
beneath the ground, and the hypocotyl has straightened itself 
by growth along the inner or concave surface, there is nothing to 
interfere with the free movements of the parts; and the circuni- 
nutation now becomes much more regular and clearly displayed, 
as shown in the following cases:— A seedling was placed in 
front and near a north-east window with a line joining the 
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two cotyledons parallel to the window. It was thus left the 
whole day so as to accommodate itself to the light. On the 
following morning a filament was fixeil to the midrib of the 
larger and taller cotyledon (which enfolds the other and smaller 
one, whilst still within the seed), and a mark being placed 
close behind, the movement of the whole plant, that is, of the 
hypocotyl and cotyledon, was traced greatly magnified on a ver- 
tical glass. At first the plant bent so much towards the h'ght 
that it was useless to attempt to trace the movement ; but at 
10 A.M. heliotropism almost wholly ceased and the first dot was 



Fig. 6. 




Brassica oleracea ; conjoint circumnutation of the hypocotyl and cotyledons 
during 10 hours 45 minutes. Figure here reduced to one-half original 

made on the gla.ss. The last was made at 8.45 p.m.; seventeen 
dots being altogether made in tliis interval of 10 h. 45 m. (see 
Fig. 6). It should Ire noticed that when I looked shortly after 
4 p.m. the bead was pointing off the glass, but it came on again 
at 5.30 p.m., and the course during this interval of Ih. 30 m. has 
Tieen filled up by imagination, but cannot be far from correct. 
The bead moved seven times from side to side, and thus de- 
scribed 3) ellipses in lOJ h.; each being completed on an 
average in 3 h. 4 m. 

On the previous day another seedling had been observed 
under similar conditions, excepting that the plant was so 
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placed that a line joining the two cotyledons pointed towards 
the window ; and the filament was attached to the smaller coty- 
ledon on the side furthest from the window. Moreover, the 
plant was now for the first time placed in this position. The 
cotyledons bowed themselves greatly towards the light from 8 to 
10.50 A.U., when the first dot was made (Fig. 7). During the 



Fig. 7. 




Brassica oUracea ; conjoint circiimnutatioii of the hypocotyl and cotyledons, 
from 10..50 A.M. to 8 A.M. on the following morning. Tracing made 
on a vertical glass. 

next 12 hours the bead swept obliquely up and down 8 times 
and descrilied 4 figures representing ellipses; so that it travelled 
at nearly the same rate as in the previous case. During the 
night it moved tipwards, owing to the sleep-movement of the 
cotyledons, and continued to move in the same direction till 
9 A.M. on the following morning ; but this latter movement 
would not have occurred with seedlings under their natural 
conditions fully exposed to the light. 

By 9.25 A.M. on this second day the same cotyledon had 
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begun to fall, and a dot was made on a fresh glass. The move- 
ment was traced until 5.30 p.m. as shown in (Fig. 8), which is 
given, because the course followed was much more irregular 
than on the two previous 
8. occasions. During these 

8 hours the bead changed 
its course greatly 10 times. 
The upward movement of 
the cotyledon during the 
afternoon and early part 
of the night is here plainly 
shown. 

As the filaments were 
fixed in the three last 
cases to one of the coty- 
ledons, and as the hypo- 
cotyl was left free, the 
tracings show the move- 
bra,sica oleracea : conjoint circumnutation ’"^h organs con- 

of the hypocotyl and cotyledons during joined ; and "we now 
8 hours. Figure here reduced to one- wished to ascertain whe- 
Iti-tlal ““ “ circumnutated. 

® ■ Filaments were therefore 

fixed horizontally to two hypocotyls close beneath the petioles 
of their cotyledons. These seedlings had stood for two days 
in the same position before a north-east window. In the morn- 
ing, up to about 11 A.iji., they moved in zigzag lines tow'ards 
the light; and at night they again became almost upright 
through apogeotropism. After about 11 A.m. they moved a 
little back from the light, often crossing and rccrossing their 
former path in zigzag lines. The sky on this day varied much 
in brightness, and these observations merely proved that the 
hypocotyls were continually moving in a manner resembling 
circumnutation. On a previous day which was uniformly 
cloudy, a hypocotyl was firmly secured to a little stick, and 
a filament was fixed to the larger of the tw'O cotyledons, and its 
movement was traced on a vertical glass. It fell greatly from 
8.52 A.M., when the first dot was made, till 10.55 a.m. ; it then rose 
greatly until 12.17 p.m. Afterwards it fell a little and made a 
loop, but by 2.22 p.m. it had risen a little and continued rising 
till 'J.23 P.M., when it made another loop, and at 10.30 p.m. was 
again rising. These observations show that the cotyledons mdvo 
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vertically up and down all day long, and as there was some 
slight lateral movement, they circumnutated. 

The cabbage was one of the first plants, the seedlings of which 
were observed by us, and we 
did not then know how far 
the circumnutation of the 
different parts was affected 
by light. Young seedlings 
were therefore kept in com- 
plete darkness except for a 
minute or two during each 
observation, when they were 
iliuminated by a small wax 
taper held almost vertically 
above them. Dui'ing the first 
day the hypocotyl of one 
changed its course 13 times 
(see Fig. 9) ; and it deserves 
notice that the longer axes 
of the figures described often 
cross one another at right or 
nearly right angles. Another 



Brasstca oleracea ; circumnutation ( 
hypocotyl, in darkness, traced on 
horizontal glass, by means of a hh 
t with a bead fixed across i 
mit, between 9.15 a.m. ai 
I A.M. on the following mori 
Figure here reduced to on 
half of original scale. 




same manner, but it was 
much older, for it had formed 
a true leaf a quarter of an 
inch in length, and the hy- 
pocotyl was If inch in height. 

The figure traced was a very 
complex one, though the 
movement was not so great 
in extent as in the last case. 

The hypocotyl of another 
seedling of the same age u 
secured to a little stick, and 
a filament having been fixed 
to the midrib of one of the 
cotyledons, the . movement of 
the bead was traced during 14 h. 15 m. (see Fig. 10) in darkness. 
It should be noted that the chief movement of the cotyledons, 
namely, up and down, would be shown on a horizontal glass- 
plate only by the lines in the direction of the midrib (that is. 
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Fig. 10. 




up and down, as Fig. 10 here stands) being a little lengthened 
or shortened ; whereas any -lateral movement would be well 
exhibited. The present tracing shows 
that the cotyledon did thus move laterally 
(that is, from side to side in the tracing) 
12 times in the 14 h. 15 m. of observa- 
tion. Therefore the cotyledons certainly 
circumnutated, though the chief move- 
ment was up and down in a vertical 
plane. 

Bate of movement . — The movements of 
the hypocotyls and cotyledons of seedling 
cabbages of different ages have now been 
sufficiently illustrated. With respect to 
the rate, seedlings were placed under the 
microscope with the stage removed, and 
cotyledon, the hypo- '^th a micrometer eye-piece so adjusted 
cotyl having been that each division equalled inch ; the 
tra^ed^on *a ho^zon’ illuminated by light passing 

till *gla*ss, ^in " dark- tlu'ough a solution of bichromate of potas- 
ness, from 8.15 ^.M. sium SO as to eliminate hcliotropism. 
to 10.30 p.m. Move- Under these circumstances it was interest- 
the”*^fihine*nt ma'n'i- observe how rapidly the circum- 

fied 13 times. nutating apex of a cotyledon passed across 

the divisions of the micrometer. Whilst 
travelling in any direction the apex generally oscillated back- 
wards and forwards to the extent of and sometimes of nearly 

of an inch. These oscillations were quite different from the 
trembling caused by any disturbance in the same room or by 
the shutting of a distant door. The first seedling observed was 
nearly two inches in height and had been etiolated by having 
been grown in darkness. The tip of the cotyledon passed across 
10 divisions of the micrometer, that is, of an inch, in 6 m. 
40 s. Short glass filaments were then fixed vertically to the 
hypocotyls of several seedlings so as to project a little above the 
cotyledons, thus exaggerating the rate of movement ; but only a 
few of the observations thus made are worth giving. The most 
remarkable fact was the oscillatory movement above described, 
and the difference of rate at which the point crossed the divi- 
sions of the micrometer, after short intervals of time. For 
instance, a tall not-etiolated seedling had been kept for 14 h. 
in darkness ; it was exposed before a north-east window for only 
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two or three minutes whilst a glass filament was fixed vertically 
to the hypocotyl ; it was then again placed in darkness for half 
an hour and afterwards observed by light passing through 
bichromate of poUssium. The point, oscillating as usual, 
crossed five divisions of the micrometer (i. e. inch) in 
Im. 30 s. The seedling was then left in darkness for an hour, 
and now it required 3 m. 6 s. to cross one division, that is, 
15 m. 30 s. to have crossed five divisions. Another seedling, 
after being occasionally ob.served in the back part of a northern 
room with a very dull light, and left in complete darkness for 
intervals of half an hour, crossed five divisions in 5 m. in the 
direction of the window, so that we concluded that the move- 
ment was heliotropic. But this was probably not the case, for 
it was placed close to a north-east window and left there for 
25 m., after which time, instead of moving still more quickly 
towards the light, as might have been expected, it travelled 
only at the rate of 12 m. 30 s. for five divisions. It was then 
again left in complete darkness for Ih., and the point now 
travelled in the same direction as before, but at the rate of 
3 m. 18 s. for five divisions. 

We shall have to recur to the cotyledons of the cabbage in a 
future chapter, when we treat of their sleei»-movements. The 
circumnutation, also, of the leaves of fully-developed plants 
will hereafter be described. 



Fig. 11. 




Oithago segHum (Caryophylle®).— A young seedling was dimly 
illuminated from above, and the circumnutation of the hyix>- 
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cotyl was observed during 23 h., as shown in Fig. 11. It moved 
in all directions ; the lines from right and to left in the figure 
being parallel to the blades of the cotyledons. The actual 
distance travelled from side to side by the summit of the 
hyiwcotyl was about '2 of an inch; but it was impossible to 
be accurate on this head, as the more obliquely the plant was 
viewed, after it had moved for some time, the more the distances 
were exaggerated. 

We endeavoured to observe the circumnutation of the coty- 
ledons, but as they close together unless kept exposed to a mode- 
rately bright light, and as the hypocotyl is extremely hehotropic, 
the necessary arrangements were too 
troublesome. "We shall recur to the noc- 
turnal or sleep-movements of the cotyle- 
dons in a future chapter. 

Gossypium (var. Nankin cotton) (Mal- 
vaceae). — The circumnutation of a hypo- 
cotyl was observed in the hot-house, but 
the movement was so much exaggerated 
that the bead twice passed for a time out of 
view. It was, however, manifest that two 
somewhat irregular ellipses were nearly 
completed in 9 h. Another seedling, 
I I in. in height, was then observed during 
23 h. ; but the observations were not 
made at sufficiently short intervals, as 
shown by the few dots in Fig. 12, and the 
tracing was not now sufficiently enlarged. 
Nevertheless there could be no doubt 
about the circumnutation of the hypocotyl, which described 
in 12 h. a figure representing three irregular ellipses of unequal 

The cotyledons are in constant movement up and do^m during 
the whole day, and as they offer the unusual case of moving 
downwards late in the evening and in the early part of the 
night, many observations were made on them. A filament was 
fixed along the middle of one, and its movement traced on a 
vertical glass; but the tracing is not given, as the hypocotyl 
was not secured, so that it was impossible to distinguish clearly 
between its movement and that of the cotyledon. The coty- 
ledons rose from 10.30 a.m. to about 3 p.ii. ; they then sank till 
10 P.M., rising, however, greatly in the latter part of the night. 



Fig. 12. 




Goss'/pium: ciicumnu- 
tation of hypocotyl, 
traced on a horizon- 
tal glass, from 10.30 

following morning, 
by means of a fila- 
ment fixed across 
its summit. Move- 
ment of bead of fila- 
ment magnified about 
twice ; seedling illu- 
minated from above. 
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The angles above the horizon at which the cotyledons of another 
seedling stood at different hours is recorded in the following 
short table : — 

Oct. 20 2.50 P.M. 

„ 4.20 „ 

„ 5.20 „ 

„ 10.40 „ 

Oct. 21 8.40 A.M. 

„ 11.15 „ 

„ 9.11 P.M. 

The position of the two cotyledons was roughly sketched at 
various hours with the same general result. 

In the following summer, the hypocotyl of a fourth seedling 
was secured to a little stick, and a glass filament with triangles 
of paper having been fixed to one of the cotyledons, its move- 
ments were traced on a vertical glass under a double skylight in 
the house. The first dot was made at 4.20 p.m. Juno 20th ; and 
the cotyledon fell till 10.15 p.m. in a neaily straight line. Just 
past midnight it was found a little lower and somewhat to one 
side. By the early morning, at 3.45 A.M., it had risen greatly, 
but by 6.20 a.m. had fallen a little. During the whole of this 
day (21st) it fell in a slightly zigzag line, but its normal course 
was disturbed by the want of sufficient illumination, for during 
the night it rose only a little, and travelled irregularly during 
the whole of the following day and night of June 22nd. The 
ascending and descending lines traced during the thi-ee days 
did not coincide, so that the movement was one of circumnuta- 
tion. This seedling was then taken back to the hot-honse, and 
after five days was inspected at 10 p.m., when the cotyledons 
were fonud hanging so nearly vertically down, that they might 
justly bo said to have been asleep. On the following morning 
they had resumed their usual horizontal position. 

Oxalis rosea (Oxalidem).— The hypocotyl was secured to a little 
stick, and an extremely thin glass filament, with two triangles of 
paper, was attached to one of the cotyledons, which was '15 inch 
in length. In this and the following species the end of the 
petiole, where united to the blade, is developed into a pulvinus. 
The apex of the cotyledon stood only 5 inches from the vertical 
glass, so that its movement was not greatly exaggerated as long 
as it remained nearly horizontal ; but in the course of the day it 
both rose considerably above and fell beneath a horizontal posi- 
tion, and then of course the movement was much exaggerated. 



25' above horizon. 
22 ° „ 

15° „ 

S’ 

28° „ 

35° „ 

10° below horizon. 
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In Fig. 13 its course is shown from 6.45 a.m. on June 17th, to 
7.40 A.M. on the following morn- 
ing' ; and we see that during the 
daytime, in the course of 11 h. 
15 m., it travelled thrice down 
and twice up. After 5.45 p.m. it 
moved rapidly downwards, and 
in an hour or two depended verti- 
cally ; it thus remained all night 
asleep. This position could not 
be represented on the vertical 
glass nor in the 6gure here given. 
By 6.40 A.M. on the following 
morning (18th) both cotyledons 
had risen greatly, and they con- 
tinued to rise until 8 a.m., when 
they stood almost horizontally. 
Their movement was traced dur- 
ing the whole of this day and 
until the next morning; but a 
tracing is not given, as it was 
closely similar to Fig. 13, except- 
ing that the lines were more 
zigzag. The cotyledons moved 
7 times, either upwards or down- 
wards ; and at about 4 p.m. the 
great nocturnal sinking move- 
ment commenced. 

Another seedling was observed 
in a similar manner during nearly 
• / B^SO'c-m. 24 h., but with the difference that 

fj the hypocotyl was left free. The 

; / movement also was less magnified. 

:/ Between 8.12 a.m. and 5 p.m. on 

!/ the 18th, the apex of the cotyle- 

f don moved 7 times upwards or 

Oxatorma: civcumnutationof downwards (Fig. 14). The noc- 
cotylciions, the hypocotyl being turnal sinking movement, which 
secured to a stick; illumina- is merely a great increase of one 
ted from aboye.^ Figure here diurnal oscillations, com- 




given one-half of original scale. 



menced about 4 p.m 



Oxalis Va/diviana.—Hns species is interesting, as the coty- 



© The Complete Work of Charles Darwin Online 



Chap. 1. 



OXALIS. 



25 



ledons rise perpendicularly upwards at night so as to come into 
close contact, instead of sinking vertically downwards, as in the 
case of 0. rosea. A glass filament was fixed to a cotyledon, 
•17 of an inch in length, and the hypocotyl was left free. On 



Fig. 14. 




Oxalis rosea : conjoint circumnutation of 
the cotyledons and hypocotyl, traced 
from 8.12 a.m. on June 18th to 7.30 
A.M. 19th. The apex of the cotyledon 
stood only 3J inches from the vertical 
glass. Figure here given one-half of 
original scale. 




Oxalis Valdivima : conjoint 
circumnutation of a cotyle- 
don and the hypocotyl, traced 
on vertical glass, during 24 
hours. Figure here given 
one-half of original scale ; 
seedling illuminated from 



the first day the seedling was placed too far from the vertical 
glass ; so that the tracing was enormously exaggerated and the 
movement could not be traced when the cotyledon either rose or 
sank much; but it was clearly seen that the cotyledons rose 
thrice and fell twice between 8.15 a.m. and 4.15 p.m. Early on 
the following morning (June 19th) the apex of a cotyledon was 
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placed only I J incli from the vertical glass. At 6.40 a.m. it 
stood horizontally ; it then fell till 8.3.5, and then rose. Al- 
together in the course of 12 h. it rose thrice and fell thrice, as 
may be seen in Fig. 15. The great nocturnal rise of the coty- 
ledons usually commences about! or 5 p.m., and on the following 
morning they are expanded or stand horizontally at about 6.30 
A.M. In the present instance, however, the great nocturnal rise 
did not commeueo till 7 p.m. ; but this was due to the hypocotyl 
having from some unknowm cause temporarily bent to the left 
side, as is shown in the tracing. To ascertain positively that 
the hypocotyl circumnutated, a mark was placed at 8.15 p.m. 
Iwhind the two now closed and vertical cotyledons ; and the 
movement of a glass hlamcnt fixed upright to the top of the 
hypocotyl was traced until 10.40 p.m. During this time it 
moved from side to side, as well as backwards and forwards, 
plainly showing circumnutation ; but the movement was small 
in extent. Therefore Fig. 15 represents foirly well the move- 
ments of the cotyledons alone, with the exception of the one 
great afternoon curvature to the left. 

Oxalis cornictilatu (var. cziprtn).— The cotyledons rise at night 
to a variable degree above the horizon, generally about 45° : 
those on some seedlings between 2 and 5 days old were found 
to be in continued movement all day long ; but the movements 
were more simple than in the last two species. This may have 
partly resulted from their not being sufficiently illuminated 
whilst being observed, as was shown by their not beginning to 
rise until very late in the evening. 

Oxalis (niophytum) sensitiva.—The cotyledons are highly re- 
markable from the amplitude and rapidity of their movements 
during the day. The angles at which they stood above or 
beneath the horizon were measured at short intervals of time ; 
and we regret that their course was not traced during the whole 
day. We will give only a few of the measurements, which were 
made whilst the seedlings were exposed to a temperature of 221° 
to 24i° C. One cotyledon rose 70° in 11 m. : another, on a distinct 
seedling, fell 80° in 12 m. Immediately before this latter fall 
the same cotyledon had risen from a vertically downward to a 
vertically upward position in 1 h. 48 m., and had therefore passed 
through 180° in under 2 h. We have met with no other instance 
of a circumnutating movement of such great amplitude as 180° ; 
nor of such rapidity of movement as the passage through 80° in 
12 m. The cotyledons of this plant sleep at night by rising 
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vertically and coming into close contact. This upward move- 
ment differs from one of the great diurnal oscillations above 
described only by the position being permanent during the night 
and by its periodicity, as it always commences late in the 
evening. 

Trapxolum minus (?) (var. Tom Thumb) (Tropteoleie). — The 
cotyledons are hypogean, or never rise above the ground. . By 
removing the soil a buried cpicotyl 
or plumule was found, with its 
summit arched abruptly down- 
wards, like the arched hypocotyl 
of the cabbage previously described. 

A glass filament with a bead at 
its end was affixed to the basal half 
or leg, just above the hypogean 
cotyledons, which were again almost 
surrounded by loose earth. The 
tracing (Fig. 16) shows the course 
of the bead during 11 h. After the 
last dot given in the figure, the 
bead moved to a great distance, 
and finally off the glass, in the 
direction indicated by the broken 
line. This great movement, due to 
increased growth along the con- 
cave surface of the arch, was caused 
by the basal leg bending back- 
wards from the upper part, that is 
in a direction opposite to the depen- 
dent tip, in the same manner as 
occurred with the hypocotyl of 
the cabbage. Another buried and 
arched epicotyl was observed in the same manner, excepting 
that the two legs of the arch w’ere tied together with fine silk 
for the sake of preventing the great movement just mentioned. 
It moved, however, in the evening in the same direction as 
before, but the line followed was not so straight. During the 
morning the tied arch moved in an irregularly circular, strongly 
zigzag course, and to a greater distance than in the previous 
case, as was shown in a tracing, magnified 18 times. The move- 
ments of a young plant bearing a few leaves and of a mature 
plant, will hereafter be described. 
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of filament m.ignificd 27 
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Citrus atiranlium (Orange) (Aurantiaceffi). — The cotyledons 
are hypogean. The circumiiutation of an epicotyl, which at the 
close of our observations was -59 of an inch (15 mm.) in height 
above the ground, is shown in the annexed figure (Fig. 17), as 
observed during a period of 41 h. 40 m. 




Citrus aurantium; ctrcumnutation of epicotyl with a filament fi-ted trans- 
versely near its apex, traced on a horizontal glass, from 12.13 p.m. on 
leb. 20th to 8.55 a.m. on 22nd. The movement of the bead of the 
filament was at first magnified 21 times, or XO.j, in figure here given 
and afterwards 36 times, or 18 as here given; seedling illuminated 
from above. 



^scidus hippocastanuin (Hippocastancfe).— Germinating seeds 
were placed in a tin box, kept moist internally, with a sloping 
bank of damp argillaceous sand, on which four smoked glass- 
plates rested, inclined at angles of 70° and 65° with the 
horizon. The tips of the radicles w^ere placed so as just to 
touch the upper end of the glass-plates, and, as they grew 
downwards they pressed lightly, owing to geotropism, on the 
smoked surfaces, and left tracks of their com-se. In the middle 
part of each track the glass was swept clean, but the margins 
were much blurred and irregular. Ck>pies of two of these tracks 
(all four being nearly alike) were made on tracing paper placed 
over the glass-plates after they had been varnished ; and they 
are as exact as possible, considering the nature of the margins 
(Fig. 18). They suflice to show that there was some lateral, 
almost serpentine movement, and that the tips in their down- 
ward course pressed with unequal force on the plates, as 
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the tracks varied in breadth. The more perfectly serpentine 
tracks made by the radicles of Fhaseolus multijlorus and Vicia 
faba (presently to be described), render 
it almost certain that the radicles of 
the present plant circumnntated. 

Fhaseolus multijlorus (Leguminosae). 

— Four smoked glass-plates were ar- 
ranged in the same manner as des- 
cribed under .®sculus, and the tracks 
left by the tips of four radicles of the 
present plant, wliilst growing down- 
wards, were photographed as trans- 
parent objects. Three of them are 

, .. • j ii>\ mi • hncs of tracks left on in- 
here exactly copied (Fig. 19). Their glass-plates by tips 

serpentine courses show that the tips of radicles. In A the plate 

moved regularly from side to side; --i.-.j too ~.iv. 

they also pressed alternately with 
greater or less force on the plates, 
sometimes rising up and leaving them 
altogether for a very short distance ; 
but this was better seen on the 
original plates than in the copies. 

These radicles therefore were continually moving in all direc- 
tions— that is, they circumnutated. The distance between the 
extreme right and left positions 
of the radicle A, in its lateral 
movement, was 2 mm., as ascer- 
tained by measurement with an 
eye-piece micrometer. 

Vicia faba (Common Bean) 

(Leguminosse). — Fadicle. — Some 
beans were allowed to germinate 

on bare sand, and after one had 2. B. C. 

protruded its radicle to a length multijlorus .- tracks left 

of '2 of an inch, it was turned on inclined smoked gl.ass-plates 

upside down, so that the radicle, by tips of radicles in^growing 

which was kept in damp air, 
now stood upright. A filament, 
nearly an inch in length, was 
afiSxed obliquely near its tip; and the movement of the 
terminal bead was traced from 8.30 a.m. to 10.30 p.m., as shown 
in Fig. 18. The radicle at first changed its course twice 



the horizon, and the radicle 
was 1-9 inch in length, and 
•23 inch in diameter at base. 
In B the plate was inclined 
65° with the horizon, and 
the radicle was a trifle 
larger. 



Fig. 19. 






downwards. A and C, plates 
inclined at 60°, B inclined at 
68° with the horizon. 
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aliruptly, then made a small loop and then a larger zigzag 
curve. During the night and till 11a.m. on the following 



Fig. 20. 




Viuia faha: circumnutation of a railicle, at first pointing vertically up- 
wards, kept in darkness, traced on a horizontal glass, during 14 hours. 
Movement of bead of filament magnified 23 times, here reduced to 
one-half of original scale. 

morning, the bca'l moved to a great distance in a nearly straight 
line, in the direction indicated by the broken line in the figure. 
This resulted from the tip bending quickly downwards, as it 
had now become much declined, and had thus gained a position 
highly favourable for the action of geotropism. 



Fig. 21. * 
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We next experimented on nearly a score of radicles by allowing 
them to grow downwards over inclined plates of smoked glass, 
in exactly the same manner as with JEsculus and Phaseolus. 
Some of the plates were inclined only a few degrees beneath 
the horizon, but most of them between 60° and 7u°. In the 
latter cases the radicles in growing downwards were deflected 
only a little from the direction which they had followed whilst 
germinating in sawdust, and they pressed lightly on the glass- 
plates (Fig. 21). Five of the most distinct tracks are here 
copied, and they are all slightly sinuous, showing circumnuta- 
tion. Moreover, a close examination of almost every one of the 
tracks clearly showed that the tips in their downward course 
had alternately pressed with greater or less force on the plates, 
and had sometimes risen up so as nearly to leave them for short 
intervals. The distance between the extreme right and left 
positions of the radicle A was 0’7 mm., ascertained in the same 
manner as in the case of Phaseolus. 

EpicotxjL—Ki the point wh6re the radicle had pl-otruded from 
a bean laid on its side, a flattened solid lump projected T of an 
inch, in the same horizontal plane with the bean. This protuber- 
ance consisted of the convex summit of the arched epicotyl; 
and as it became developed the two legs of the arch curved 
themselves kiterally upwards, owing to apogeotropism, at such 
a rate that the arch stood highly inclined after 14 h., and 
vertically in 48 h. A filament was fixed to the crown of 
the protuberance before any arch was visible, but the basal 
half grew so quickly that on the second morning the end of the 
filament was bowed greatly downwards. It was therefore re- 
moved and fixed lower down. The line traced during these two 
days extended in the same general direction, and was in parts 
nearly straight, and in others p'ainly zigzag, thus giving somo 
evidence of circumnutation. 

As the arched epicotyl, in whatever position it may 1» placed, 
bends quickly upwards through apogeotropism, and as the two 
logs tend at a very early age to separate from one another, as 
soon as they are relieved from the pressure of the surrounding 
earth, it was difficult to ascertain positively whether the epicotyl, 
whilst remaining arched, circunmutated. Therefore some rather 
deeply buried beans were uncovered, and the two legs of the 
arches were tied together, as had been done with the epicotyl 
of Tropseolum and the hypocotyl of the Cabbage. The move- 
ments of the tied arches were traced in the usual manner on 
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two occasions during three days. But the tracings made under 
such unnatural conditions are not worth giving ; and it need 
only be said that the lines were decidedly zigzag, and that 
small loops were occasionally formed. We may therefore con- 
clude that the epicotyl circumnutates whilst still arched and 
before it has grown tall enough to break through the surface 
of the ground. 

In order to observe the movements of the epicotyl at a some- 
what more advanced age, a filament was fixed near the base of 
one which was no longer arched, for its upper half now formed 
a right angle with the lower half. This bean had genninated 
on bare damp sand, and the epicotyl began to straighten itself 
much sooner than would have occurred if it had been properly 
planted. The course pursiied during 50 h. (from 9 a.m. Dec. 
2Gth, to 11 A.M. 28th) is here shown (Fig. 22); and we see 



Fig. 22. 




Ficia faba; circumnutation of young epicotyl, traced in darkness during 
50 hours on a horizont.al glass. Movement of bead of filament mag- 
nified 20 times, here reduced to one-half of original scale. 

that the epicotyl circumnutated dm-ing the whole time. Its 
basal part grew so much during the 50 h. that the filament 
at the end of our observations was attached at the height of 
'4 inch above the upper surface of the bca% instead of close 
to it. If the bean had been properly planted, this part of the 
epicotyl would still have been beneath the soil. 

Late, in the evening of the 28th, some hours after the above 
observations were completed, the epicotyl had grown much 
straighter, for the upper part now formed a widely open angle 
with the lower part. A filament was fixed to the upright basal 
part, higher up than before, close beneath the lowest scale-like 
process or homologue of a leaf ; and its movement was traced 
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during 38 h. (Fig. 23). We here again have plain evidence of 
continued circumnutation. Had the bean been properly planted, 
the part of the epicotyl to which the filament was attached, tho 



Fig. 




Vicia faba : circumnutation of the same epicotyl :>s in Fig. 22, a little more 
advanced in age, traced under similar conditions as before, from 8.40 A.M. 
Dec. 28th, to 10.50 A.M. 30th. Movement of bead here magnified 
20 times. 

movement of wliich is here shown, would probably have just 
risen above the surface of the ground. 

Luthyrus nissolia (Leguminosse).— This plant was selected for 
observation from being an abnormal form with grass-like leaves. 
Fig. 24. 




Lathyrus nissolia; circumnutation of stem of young seedling, traced ill 
darUness on a horizontal glass, from 6.4.5 A.M. Nov. 22nd, to 7 A.M. 
23rd. Movement of end of leaf magnified about 12 times, here re- 
duced to one-half of original scale. 



The cotyledons are hypogean, and the epicotyl breaks through 
the ground in an arched form. The movements of a stem, 1’2 
inch in height, consisting of three internodes, the lower one 
almost wholly subterranean, and the upper one bearing a short. 
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narrow leaf, is shown during 24 h., in Fig. 24. No glass filament 
was employed, hut a mark was placed beneath the apex of the 
leaf. The actual length of the longer of the two ellipses de- 
scribed by the stem was about '14 of an inch. On the previous 
day the chief line of movement was nearly at right angles to 
that shown in the present figure, and it was more simple. 

Cassia tora* (Tjeguminosfe).— A seedling was placed before a 



Fig. 25 




Cassia tora ; conjoint circumnutntion of cotyledons and hypocotyl, tracad 
on vertical glass, from 7.10 A.M. Sept. 25th to 7.30 A.M. 26th. Figure 
here given reduced to one-half of original scale. 



• Seeds of tl.is plant, which flourish or flower well with us; 

grew near the sea-side, were sent they were sent to Kow, and were 

to us by Fritz Muller from S, pronouneed not to ho distinguish- 
Urazil, Tlie seedlings did not able from G. tora. 
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north-east window ; it bent very little towards it, as the hypo- 
cotyl which was left free was rather old, and therefore not highly 
heliotropic. A filament had been fixed to the midrib of one of 
the cotyledons, and the movement of the whole seedling was 
traced during two days. The circumimtation of the hypocotyl 
is quite insignificant compared with that of the cotyledons. 
These rise up vertically at night and come into close contact; so 
that they may be said to sleep. This seedling was so old that a 
very small true leaf had been developed, which at night was 
completely hidden by the closed cotyledons. On Sept. 24th, 
between 8 a.m. and 5 r.M., the cotyledons moved five times up 
and five times down ; they therefore described five irregular 
ellipses in the course of the 9 h. The great nocturnal rise com- 
menced about 4.30 p.m. 

On the following morning (Sept. 25th) the movement of 
the same cotyledon was again traced in the same manner 
during 24 h. ; and a copy of the tracing is here given (Fig. 25). 
The morning was cold, and the window had been accidentally 
left open for a short time, which must have chilled the plant ; 
and this probably prevented it from moving quite as freely as 
on the previous day ; for it rose only four and sank only four 
times during the day, one of the oscillations being very small. 
At 7.10 A.M., when the first dot was made, the cotyledons were 
not fully open or awake ; they continued to open till about 9 a.m., 
by which time they had sunk a little beneath the horizon : by 
9.30 A.M. they had risen, and then they oscillated up and down ; 
but the upward and downward lines never quite coincided. At 
about 4.30 p.m. the great nocturnal rise commenced. At 7 a.m. 
on the following morning (Sept. 26th) they occupied nearly 
the same level as on the previous morning, as shown in the 
diagram: they then began to open or sink in the usual manner. 
The diagram leads to the belief that the great periodical daily 
rise and fall does not differ essentially, excepting in amplitude, 
from the oscillations during the middle of the day. 

Lotus JacobcBus (Leguminosae). — The cotyledons of this plant, 
after the few first days of their life, rise so as to stand almost, 
though rarely quite, vertically at night. They continue to act in 
this manner for a long time even after the development of some 
of the true leaves. With seedlings, 3 inches in height, and bear- 
ing five or six leaves, they rose at night about 45°. They con- 
tinued to act thus for about an additional fortnight. Subse- 
quently they remained horizontal at night, though still green, 
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and at last dropped off. Their rising at night so as to stand 
almost vertically appears to depend largely on temperature;, 
for when the seedlings were kept in a cool house, though they 
still continued to grow, the cotyledons did not become vertical 
at night. It is remarkable that the cotyledons do not generally 
rise at night to any conspicuous extent during the first four or 
five days after germination; but the period was extremely 
variable with seedlings kept under the same conditions; and 
many were observed. Glass filaments with minute triangles of 
pajier were fixed to the cotyledons (IJ mm. in breadth) of two 
seedlings, only 24 h. old, and the hypocotyl was secured to a 
stick ; their movements greatly magnified were traced, and they 
certainly cirenmnutated the whole time on a small scale, but 
they did not exhibit any distinct nocturnal and diurnal move- 
ment. The hypocotyls, when left free, circumnutated over a 
large space. 

Another and much older seedling, bearing a half-developed 
leaf, had its movements traced in a similar manner during the 
three first days and nights of June; but seedlings at this age 
appear to be very sensitive to a deficiency of light ; they were 
observed under a rather dim skylight, at a temperature of 
between 16° to 17i° C. ; and apparently, in consequence of these 
conditions, the great daily movement of the cotyledons ceased 
on the third day. During the first two days they began rising 
in the early afternoon in a nearly straight line, until between 
6 and 7 p.m., when they stood vertically. During the latter 
part of the night, or more probably in the early morning, they 
began to fall or open, so that by 6.45 a.m. they stood fully 
expanded and horizontal. They continued to fall slowly for 
some time, and during the second day described a single 
small ellipse, between 9 a.m. and 2 p.m., in addition to the 
great diurnal movement. The course pursued during the 
whole 24 h. was far less complex than in the foregoing case of 
Cassia. On the third morning they fell very much, and then 
circumnutated on a small scale round the same siiot ; by 8.20 
P.M. they showed no tendency to rise at night. Nor did the 
cotyledons of any of the many other seedlings in the same pot 
rise; and so it was on the following night of June 5th. The 
pot was then taken back into the hot-house, where it was exposed 
to the sun, and on the succeeding night all the cotyledons rose 
again to a high angle, but did not stand quite vertically. On 
each of the above days the line representing the great nocturnal 
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rise did not coincide with that of the great diurnal fall, so that 
narrow ellipses were described, as is the usual rule with circum- 
nutating organs. The cotyledons are provided with a pulvinus, 
and its development will hereafter be described. 

Mimosa pudica (Leguminosm). — The cotyledons rise up verti- 
cally .at night, so as to .close together. Two seedlings were 
observed in the greenhouse (temp. 16° to 17° C. or 63° to 65° F.). 
Their hypocotyls were secured to sticks, and glass filaments 
bearing little triangles of paper were aflixcd to the cotyledons of 
lioth. Their movements were traced on a vertical glass during 
24 h. on November 13th. The pot had stood for some time in 
the same position, and they were chiefly illuminated through 
the glass-roof. The cotyledons of one of these seedlings moted 
downward in the morning till 11.30 a.m., and then rose, moving 
rapidly in the evening until they stood vertically, so that in this 
case there was simply a single great daily fall and rise. The 
other seedling behaved rather difierently, for it fell in the morn- 
ing until 11.30 A.M., and then rose, but after 12.10 p.m. again fell ; 
and the great evening rise did not begin until 1.22 p.m. On the 
following morning this cotyledon had fallen greatly from its 
vertical position by 8.15 a.m. Two other seedlings (one seven 
and the other eight days old) had been previously observed 
under unfavourable circumstances, for they had been brought 
into a room and placed before a north-east window, where the 
ttmperaturo was between only 56° and 57° F. They had, more- 
over, to be protected fi-om lateral light, and perhaps were not 
sufficiently illuminated. Under these circumstances the coty- 
ledons moved simply downwards from 7 a.m. till 2 p.m., after 
which hour and during a largo part of the night they con- 
tinued to rise. Between 7 and 8 a.m. on the following morning 
they fell again ; but on this second and likewise on the third 
day the movements became irregular, and between 3 and 10.30 
P.M. they circumnutatod to a small extent about the same spot ; 
but they did not rise at night. Nevertheless, on the following 
night they rose as usual. 

Cytisus fragrans (Leguminosae). — Only a few observations were 
made on this plant. The hypocotyl circumnutated to a con- 
siderable extent, but in a simple manner— namely, for two hours 
in one direction, and then much more slowly back again in 
a zigzag course, almost parallel to the first line, and beyond the 
starting-point. It moved in the same direction all night, but 
next morning lx(gan to return. The cotyledons continually 
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move botli up and down and laterally ; bnt they do not rise up 
at night in a conspicuous manner. 

Lupinus luteus (Leguminosaj). — Seedlings of this plant were 
observed because the cotjdedons are so thick (about '03 of an 
inch) that it seemed unlikely that they would move. Our 
observations were not very successful, as the seedlings are 
strongly heliotropic, and their circumnutation could not be 
accurately observed near a north-east window, although they 
had been kept during the previous day in the same position. 
A seedling was then placed in darkness with the hypocotyl 
secured to a stick; both cotyledons rose a little at first, and 
then fell during the rest of the day ; in the evening between 
5 and 6 p.m. they moved very slowly ; during the night one 
continued to fall and the other rose, though only a little. The 
tracing was not much magnified, and as the lines were plainly 
zigzag, the cotyledons must have moved a little laterally, that 
is, they must have ciremnnutated. 

The hypocotyl is rather thick, about • 12 of inch ; nevertheless 
it circumnutated in a complex course, though to a small extent. 
The movement of an old seedling with two true leaves partially 
developed, was observed in the dark. As the movement was 
magnified about 100 times it is not trustworthy and is not 
given ; but there could be no doubt that the hypocotyl moved 
in all directions during the day, changing its course 19 times. 
The extreme actual distance from side to side tlu-ough which 
the upper part of the hypocotyl passed in the course of 141 hours 
was only ^ of an inch ; it sometimes travelled at the rate of 
^ of an inch in an hour. 

Cucurhita ovifera (Cucurbitaceas ). — Itadich : a seed which had 



Cucurhita Ott'fera : coar.se followed liy a radicle in bending geolropically 
downwards, traced on a horizontal glass, between ll.‘J.‘> A.M.and 10.25 
P.M. ; the direction during the night is indicated by the broken line. 
Movement of bead magnified 14 times. 

germinated on damp sand was fixed so that the slightly curved 
radicle, which was only ‘07 inch in length, stood almost vertically 



Fig. 26. 
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upwards, in which position geotrppism would act at first with 
little power. A filament was attached near to its base, and 
projected at about an angle of 45° above tbe horizon. The 
general course followed during the 11 hours of observation and 
during the following night, is shown in the accompanying 
diagram (Fig. 26), and was plainly due to geotropism ; but it 
was also clear that the radicle circumnutated. By the next 
morning the tip had cuiwed so much downwards that the fila- 
ment, instead of projecting at 45° above the horizon, was nearly 
horizontal. Another germinating seed was turned upside down 
and covered with damp sand ; and a filament was fastened to 
the radicle so as to project at an angle of about 50° above the 
horizon ; this radicle was ‘35 of an inch in length and a little 
‘curved. The course pursued was mainly governed, as in the 
last case, by geotropism, but the line traced during 12 hours and 
magnified as before was more strongly zigzag, again showing 
circumnutation. 

Four radicles were allowed to grow downwards over plates 
of smoked glass, inclined at 70° to the horizon, under the 



Fig. 27. 




A. B. 



Ctu-nrbila ovifera ; tracks 
left hy tips of radicles 
in growing downwards 
over smoked glass- 
plates, inclined at 70° 
to the horizon. 




Cuenrhila mifera; circumnuta- 
tion of arched hypocotyl at 
a very early age, traced in 
darkness on a horizontal glass, 
from 8 A.M. to 10.20 A.ll. oi^ 
the following day. The move- 
ment of the bead magnified 
20 times, here reduced to one- 
half of original scale. 



same conditions as in the cases of iEsculus, Phascolus, and 
Yicia. Facsimiles are here given (Fig. 27) of two of these 
traeijs ; and a third short one was almost as plainly serpentine 
as that at A. It was also manifest by a greater or less amoimt 
of soot having been swept off the glasses, that the tips had 
3 
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Fig. 29. 



pressed alternately with greater and less force on them. There 
must, therefore, have been movement in at least two planes at 
right angles to one another. These radicles were so delicate that 
they rarely had the power to sweep the glasses quite clean. One 
of them had developed some lateral or secondary rootlets, which 
projected a few degrees beneath the horizon ; and it is an im- 
portant fact that three of them left distinctly serpentine tracks 
on the smoked surface, showing beyond doubt that they had 
ciroumnutated like the main or primary radicle. But the 
tracks were so slight that they could not he traced and copied 
after the smoked surface had been varnished. 

Jfypncotyl . — A seed lying on damp sand was firmly fixed by 
two crossed wires and by its own gi’owing radicle. The cotyle- 
dons were still enclosed within the seed-coats; and the short ’ 
hypocotyl, between the summit of 
the radicle and the cotyledons, 
was as yet only slightly arched. A 
filament ('85 of inch in length) 
was attached at an angle of 35° 
above the horizon to the side of 
the arch adjoining the cotyle- 
dons. This part would ultimately 
form the upper end of the hypo- 
cotyl, after it had grown straight 
and vertical. Had the seed \ieen 
properly planted, the hypocotyl at 
this stage of growth would have 
been deeply biudcd beneath the 
surface. The course followed by 
■ the bead of the filament is shown 
Fig. 28. The chief lines of 
movement from left to right in the 
it3,up|ier enJ, traced in dark- -wero parallel to the plane 

from A^”” to's 30^r m! cotyledons and 

The movement of tlic terminal of the flattened Seed ; and this 
bead originally inagnitied movement would aid in dragging 
about 18 times, here only 44 seed-CoatS, which 

are held down by a special struc- 
ture hereafter to be described. The movement at right angles 
to the above lines was duo to the arched hypocotyl becoming 
more arched as it increased in height. The foregoing observa- 
tions apply to the leg of the arch next to tho cotyledons, but 




Cucurbita mifera : circuinuul 
tion of straight and ver 
cal hypocotyl, with filament 
fastened transversely a 



© The Complete Work of Charles Darwin Online 



Chap. I. CUCURBITA. 41 

the other leg adjoining the radicle likewise circumnutated at an 
equally early age. 

The movement of the same hypocotjd after it had become 
straight and vertical, but with the cotyledons only partially 
expanded, is shown in Fig. 29. The course pursued during 12 h. 
apparently represents fo.ur and a half ellipses or ovals, with 
the longer axis of the first at nearly right angles to that of the 
others. The longer axes of all were oblique to a line joining 
the opposite cotyledons. The actual extreme distance from 
side to side over which the summit of the tall hypocotyl 
passed in the course of 12 h. was -28 of an inch. The original 
figure was traced on a large scale, and from the obliquity of 
the line of view the outer parts of the diagram are much 
exaggerated. 

Cotyledons . — On two occasions the movements of the cotyle- 
dons W’cre traced on a vertical glass, and as the ascending and 
descending lines did not quite coincide, very narrow ellipses 
were formed; they therefore circumnutated. Whilst young 
they rise vertically up at night, but their tips always remain 
reflexed ; on the following morning they sink down again. With 
a seedling kept in complete darkness they moved in the same 
manner, for they sank from 8.45 a.m. to 4.30 p.m.; they then 
began to rise and remained close together until 10 p.m., when 
they were last observed. At 7 a.m. on the following morning 
they were as much expanded as at any hour on the previous 
day. The cotyledons of another young seedling, exposed to the 
light, were fully open for the first time on a certain day, but 
were found completely closed at 7 a.m. on the following morning. 
They soon began to expand again, and continued doing so till 
about 5 P.M. ; they then l>egan to rise, and by 10.30 p.m. stood 
vertically and were almost closed. At 7 a.m. on the third morn- 
ing they were nearly vertical, and again expanded during the 
day; on the fourth morning they were not closed, yet they 
opened a little in the course of the day and rose a little on the 
following night. By this time a minute true leaf had become 
developed. Another seedling, still older, bearing a well-developed 
leaf, had a sharp rigid filament affixed to one of its cotyledons 
(85 ' mm. in length), which recorded its own movements on 
a revolving drum with smoked paper. The observations were 
made in the hot-house, where the plant had lived, so that there 
was no change in temperature or light. The record commenced 
at 11 A.M. on February 18th; and from this horn’ till 3 p.m. the 
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cotj'leilon fell; it tlien rose rapidly till 9 p.m., then very 
gradually till 3 a.m. February 19th, after which hour it sank 
gradually till 4.30 p.m. ; but the downward movement was inter- 
rupted by one slight rise or oscillation about 1.30 p.m. After 
4.30 P.M. (19th) the cotyledon rose till 1 a.m. (in the night of 
February 20th) and then sank very gradually till 9.30 a.m., 
when our observations ceased. The amount of movement was 
greater on the 18th than on the 19th or on the morning of 
the 20th. 

Cucurbita aurantia . — An arched hypocotyl was found buried a 
little beneath the surface of the soil ; and in order to prevent it 
straightening itself quickly, when relieved from the surrounding 
pressure of the soil, the two legs of the arch were tied together. 
The seed was then lightly covered with loose damp earth. A 
filament with a bead at the end was affixed to the basal leg, the 
movements of which were observed during two days in the 
usual manner. On the fii-st day the arch moved in a zigzag line 
towards the side of the basal leg. On the next day, by which 
time the dependent cotyledons had been dragged above the sur- 
face of the soil, the tied arch changed its course greatly nine 
times in the course of 14i h. It swept a large, extremely kre- 
gular, circular figure, returning at night to nearly the same 
spot whence it had started early in the morning. The line was 
so strongly zigzag that it apparently represented five ellipses, with 
their longer axes pointing in various directions. With respect 
to the periodical movements of the cotyledons, those of several 
young seedlings formed together at 4 p.m. an angle of about 60°, 
and at 10 p.m. their lower parts stood vertically and were in 
contact ; their tips, however, as is usual in the genus, were per- 
manently reflexed. These cotyledons, at 7 a.m. on the following 
morning, were again well expanded. 

Lw/cmiria vulgaris (var. miniature Bottle-gourd) (Cucurbi- 
taccffi). — A seedling opened its cotyledons, the movements of 
which were alone observed, slightly on .Tunc 27th, and closed 
them at night: next day, at noon (28th), they included an 
angle of 53°, and at 10 p.m. they were in close contact, so that 
each had risen 261°. At noon, on the 29th, they included an 
angle of 118°, and at 10 p.m. an angle of 54°, so each had 
risen 32°. On the following day they were still more open, and 
the nocturnal rise was greater, but the angles were not measured. 
Two other seedlings were observed, and behaved during three 
days in a closely similar manner. The cotyledons, therefore. 
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Fig. 30. 



open more and more on each succeeding day, and rise each 
night about 30° ; consequently during the first two nights of 
their life they stand vertically and 
come into contact. 

In order to ascertain more ac- 
curately the nature of these move- 
ments, the hyiKJcotyl of a seedling, 
with its cotyledons well expanded, 
was secured to a little stick, and a 
filament with triangles of paper 
was affixed to one of the cotyledons. 

The observations were made under 
a rather dim skylight, and the 
temperature during the whole time 
was between 17i° to 18° C. (63° to 
65° F.). Had the temperature been 
higher and the light brighter, the 
movements would probably have 
been greater. On July' 11th (see 
Fig. 30), the cotyledon’ fell from 

7.35 A.M. till 10 A.M. ; it then ro.se 
(rapidly after 4 p.m.) till it stood 
quite vertically at 8.40 p.m. During 
the early morning of the next day 
(12th) it fell, and continued to fall 
till 8 A.M., after which hour it rose, 
then fell, and again rose, so that by 

10.35 P.M. it stood much higher than 
it did in the morning, but was not 
vertical as on the preceding night. 

During the following early morn- ' 

ing and whole day (13th) it fell and La^tnaria vu!g iris; circvimiiu- 
ciremnnutated, but had not risen tation of .a^cotyledon, l| 
when observed late in the evening ; j;erfromfhe\-TtLTK 
and this was probably due to the ou which its movements were 

deficiency of heat or light, or of traced from 7.35 a.m. July 

both. We thus sec that the coty- 
ledons became more widely open at 
noon on each succeeding day ; and 

that they rose considerably each night, though not acquiring 
a vertical position, except during the first two nights. 

Cuatmis dudaim (Cucurbitaceje). — Two seedlings had opened 



11 / 
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Fig. 31. 



their cotyledons for the first time during (ho day,— one to the 
extent of 00° and the other rather more; they remained in 
nearly the same position until 10.40 p.m. ; but by 7 a m. on the 
following morning the one which had been previously open to 
the extent of 90° had its cotyledons vertical and completely 
shut; the other seedling had them nearly shut. Later in the 
morning they opened in the ordinary manner. It appears 
therefore that the cotyledons of this plant close and open at 
somewhat different periods from those of the foregoing species 
of the allied genera of Cucurbita and Lagenaria. 

Opuntia basihiris (Cacteie). — A seedling was carefully ob- 
served, because considering its 
appearance and the natiue of the 
mature plant, it seemed very un- 
/' /a likely that either the hypocotyl or 
J W \ would circumnutate to 

t' j an appreciable extent. The coty- 
d j ledons were well developed; being 
'9 of an inch in length, '22 in 
breadth, and ' 15 in thickness. 
The almost cylindrical hy^pocotyl, 
now bearing a minute spinous bud 

/ on its summit, was only • 45 of an 
inch in height, and '19 in dia- 
Opuntiaha^ilans: conjoint cir- J«eter. The tracing (Fig. 31) shows 
cuiTmutation of hypocotyl the combined movement of the 
and cotyledon; hlameiit hypocotyl and of one of the coty- 

fi.xed longitudinally to coty- 4 45 p ^ oSth 

ledon, and movement traced , ,, .. nr... 

during 66 h. on horiiontal ^ ^ M. on the 31st. On the 29th 

glass. Movement of the ter- a nearly perfect ellipse was com- 
miual bead magnified about plgtcd. On the 30th the hypocotyl 
fhirrseale Se^'durg mo’^^d, from somo unknown cause, 

hot-house, feebly illuminated in the same general direction iiyi 
from above. zigzag line ; but betw'een 4.30 and 

10 P.M. almost completed a second 
small ellipse. The cotyledons move only a little up and down : 
thus at 10.15 P.M. they stood only 10° higher than at noon. The 
chief seat of movement therefore, at least when the cotyledons 
are rather old as in the present case, lies in the hypocotyl. The 
ellipse described on the 29th had its longer axis directed at 
nearly right angles to a lino joining the two cotyledons. The 
actual amount of movement of the bead at the end of the 
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filament was, as far as could be ascertained, about ‘14 of an 
inch. 

IJdianthus annuus (Compositaj}.— The upi>er part of the 
hypocotyl moved during the 
day-time in the course 
shown in the annexed figure 
(Fig. 32). As the line runs 
in various directions, cross- 
ing itself several times, 
the movement may be con- 
sidered as one of circumnu- 
tation. The extreme actual 
distance travelled was at 
least 1 of an inch. The 
movements of the cotyle- 
dons of two seedlings were 
observed; one facing a north- 
ea,st window, and the other 
so feebly illuminated from 
above as to be almost in 
darkness. They continued 
to sink till about noon, 
when they began to rise; 

they either sank a little, or movea laieraiiy, uuu mt-u a^iuu 
began to rise. At 7 a.m. on the following morning those on 
the plant before the north-east window had ojsened so little 
that they stood at an angle of 73° above the horizon, and were 
not observed any longer. Those on the seedling which had 
licen kept in almost complete darkness, sank during the whole 
day, without rising about mid-day, but rose during the night. 
On the third and fourth days they continued sinking without 
any alternate ascending movement; and this, no doubt, was 
due to the absence of light. 

Primula Sinensis (Primulacete).— A seedling was placed with 
the two cotyledons parallel to a north-east window on a day 
when the light was nearly uniform, and a filament was afiBxed 
to one of them. From observations subsequently made on 
another seedling with the stem secured to a stick, the greater 
part of the movement shown in the annexed figure (Fig. 33), 
must have been that of the hypocotyl, though the cotyledons 
certainly move up and down to a certain extent both during the 
day and night. The movements of the same seedling were traced 



Kig. 32. 




but between 5 and 7 or 8 r.M. 
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on tho following day with nearly the same result; and there 
cajr be no doubt about the circumnutation of the hypocotyl. 




Primula Sinensis: conjoint circumnutation of hypocotyl and cotyledon, 
traced on rertical glass, from 8.40 A.JI. to 10.45 P.M. hlorenieuts of 
bead magnified about 20 times. 



Cydamen Persicum (Primulacese).— This plant is generally sup- 
posed to produce only a single cotyledon, but Dr. H. Gressner • 
has showTi that a second one is developed after a long interval 
of time. The hypocotyl is converted into a globular corm, even 
before the first cotyledon has broken through the ground with its 
blade closely enfolded and with its petiole in the form of an arch, 
like the arched hypocotyl or epicotyl of any ordinary dicotyle- 
donous plant. A glass filament was affixed to a cotyledon, -55 
of an inch in height, the petiole of which had straightened itself 
and stood nearly vertical, but with tho blade not as yet fully 
expanded. Its movements were traced during 241 h. on a 
horizontal glass, magnified 50 
times ; and in this interval it 
described two irregular small 
circles; it therefore circumnu- 
tates, though on an extremely 
small stale. 

Stapilia sarped'in (Asclc- 
piadeas). — This plant, when 
matui'c, resembles a cactus. 
Tlie flattened hypocotyl is 
fleshy, enlarged in tli6 upper 
liart, and bears two rudimen- 
tary cotyledons. It breaks 
through tho ground in an arched form, with the rudimentary 
cotyledons closed or in contact. A filament was affixed almost 




StnpcJm sarpedon: circumnutation 
of hypocotyl, illuminated from 
above, traced on horizontal glass, 
from 6.45 a.m. June 26th to 8.45 
A.M. 28th. Temp. 23°-24° 0. 
Movement of bead magnified 21 
times 



* ‘ Bot. Zeitung,’ 1874, p. 837. 
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vertically to the hypocotyl of a seedling half an inch high ; and 
its movements ■were traced during 50 h. on a horizontal glass 
(Fig. 34). From some unknown cause it bowed itself to one 
side, and as this was effected by a zigzag course, it probably 
circumnutated ; but with hardly any- other seedling observed 
by us was this movement so obscurely shown. 

Ipomaa coerule.a vel Ph'arhitis nil (Convolvulaccro). — Seedlings 
of this plant were observed because it is a twiner, the upper 
internodes of which circumnutate conspicuously; but, like 
other twining plants, the fir.st few intornodcs which rise above 
the ground are stiff enough to support themselves, and therefore 
do not circumnutate in any plainly recognisable manner.* In 
this particular instance the fifth intornode (including the hypo- 
cotyl) was the lii-st which plainly circumnutated and twined 
round a stick. We therefore wished to learn whether circum- 
uutation could be observed in the hypocotyl if carefully observed 
in our usual manner. Tw’o seedlings w'ere kept in the dark 
W'ith filaments fixed to the upper part of their hypocotyls ; but 
from circumstances not worth explaining their movements w'cro 
traced for only a short time. One moved thrice forwards and 
twice backwards in nearly opposite directions, in the course of 
3 h. 15 m. ; and the other twice forwards and twice backwards 
in 2 h. 22 m. The hypocotyl therefore circumnutated at a re- 
markably rapid rate. It may here be added th.at a filament was 
affixed transversely to the summit of the second internode above 
the cotyledons of a little plant 3i inches in height; and its 
movements were traced on a horizontal glass. It ciremnnutated, 
and the actual distance travelled from side to side was a quarter 
of an inch, which was too small an amount to be perceived with- 
out the aid of marks. 

The movements of the cotyledons are interesting from tlu'ir 
complexity and raj)idity, and in some other respects. The 
hypocotyl (2 inches high) of a vigorous seedling W'as secured to a 
stick, and a filament with triangles of paper was affixed to one 
of the cotyledons. The jilant was kept all day in the hot-house, 
and at 4.20 r.M. (June 20th) wa.s placed under a skylight in 
the house, and observed occasionally during the evening and 
night. It fell in a slightly zigzag lino to a moderate extent 
from 4.20 p.m. till 10 15 p.m. AVhen looked at shortly after mid- 
night (12.30 P.M.) it had risen a very little, and considerably by 



• ‘Movements and Habits of Climbing Pbinfs,’ p. 3.3, 1875. 
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3.45 A.M. When again looked 



Fig. 35. 




Ipomoea axi-ulea ; circnmnutation of 
cotyledon, traced on vertical glass, 
from 6.10 A.M. June 21st to 6.45 
A.M. 22nd. Cotyledon with petiole 
1’6 inch in length, apex of blade 
4'1 inch from the vertical glass; 
so movement not greatly mag- 
nified ; temp. 20° C. 



at, at 6.10 A.M. (21st), it had 
fallen largely. A new tracing 
was now begun (see Fig. 35), 
and soon afterwards, at 6.42 
A.M., the cotyledon had risen a 
little. During the forenoon it 
was observed about every 
hour ; but between 12.30 and 
6 p.M. every half-hour. If the 
observations had been made at 
these short intervals during the 
whole day, the figure would 
have been too intricate to have 
been copied. As it was, the 
cotyledon moved up and down 
in the course of 16 h. 20 m. (i e. 
between 6.10 a.m. and 10.30 
p.M.) thirteen times. 

The cotyledons of this seed- 
ling sank downwards during 
both evenings and the early 
part of the night, but rose 
during the latter part. As this 
is an unusual movement, the 
cotyledons of twelve other seed- 
lings were observed ; they stood 
almost or quite horizontally at 
mid-day, and at 10 p.m. were 
all declined at various angles. 
The most usual angle was be- 
tween 30° and 35°; but three 
stood at about 50° and one at 
even 70° beneath the horizon. 
The blades of all these cotyle- 
dons had attained almost their 
full size, viz. from 1 toTJ inches 
in length, measured along their 
midribs. It is a remarkable 
fact that whilst young — that 
is, when less than half an inch 
in length, measured in the 
same manner— they do not sink 
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downwards in the evening. Therefore their weight, which is 
considerable when almost fully developed, probably eame into 
play in originally determining the downward movement. The 
periodicity of this movement is much influenced by the degree 
of light to which the seedlings have been exposed during the 
day; for three kept in an obscure place began to sink about 
noon, instead of late in the evening ; and those of another seed- 
ling were almost paralysed by having lieen similarly kept during 
two whole days. The cotyledons of several other species of 
Ipomoea likewise sink do\vnwards late in the evening. 

Cerinthe major (Boraginese).— The circumnutation of the 
hypocotyl of a young seedling with the cotyledons hardly 



Cerinthe major: circumoutiition of hypocotyl, with lilament fixed across its 
summit, illuminated from above, traced on horizontal glass, from 
9.26 A.M. to 9.53 P.M. on Oct. 25th. Movement of the bead m.agnified 
30 times, here reduced to one-third of original scale. 

expanded, is shown in the annexed figure (Fig. 36). which 
apparently represents four or five irregular ellipses, described 
in the course of a little over 12 hours. Two older seedlings 
were similarly observed, excepting that one of theill was kept 
in the dark ; their hypocotyls also circumnutated, but in a more 
simple manner. The cotyledons on a seedling exposed to the 
light fell from the early morning until a little after noon, and 
then continued to rise until 10.30 p.m. or later. The cotyledons 
of this same seedling acted in the same general manner during 
the two following days. It had previously been tried in the 
dark, and after being thus kept for only 1 h. 40 m. the cotyledons 
liegan at 4.30 p.m. to sink, instead of continuing to rise till late 
at night. 



Fig. 36. 
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Nolana proslrata (Nolanese). — The movements were not 
traced, but a pot with seedlings, which had lx;en kept in the 
dark for an hour, was placed under the microscope, with the 
micrometer eye-piece so adjusted that each division equalled 
■fJuth of an inch. The a|)ex of one of the cotyledons crossed 
rather obliquely four divisions in 13 minutes ; it was also sink- 
ing, as shown by getting out of focus. The seedlings were 
again placed in darkness for another hour, and the apes now 
crossed two divisions in Gm. 18 s.; that is, at very nearly the 
same rate as before. After another interval of an hour in dark- 
ness, it crossed two divisions in 4 m. 15 s., there- 
fore at a quicker rate. In the afternoon, after a 
longer interval in the dark, the apex was motion- 
less, but after a time it recommenced moving, 
though slowly ; perhaps the room was too cold. 
Judging from previous cases, there can hardly 
be a doubt that this seedling was circumnuta- 
ting. 

Solannm hjcopersicum (Solanese). — The move- 
ments of the hypocotyls of two seedling to- 
matoes were observed diu:ing seven hours, and 
there could be no doubt that lx)th cirenmnu- 
tated. They were illuminated from above, but 
by an accident a little light entered on one side, 
and in the accompanying figure (Fig. 37) it 
may be seen that the hypocotyl moved to this 
side (the upper one in the figure), making small 
loops and zigzagging in its course. The move- 
ments of the cotyledons were also traced both 
on vertical and horizontal glasses ; their angles 
with the horizon were likewise measured at 
various hours. They fell from 8.30 a.m. (October 
17th) to about noon ; then moved laterally in a 
zigzag line, and at about 4 p.m. began to rise ; 
they continued to do so imtil 10.30 p.m., by 
which hour they stood vertically and^were asleep. 
At what hour of the night or early morning they began to fall 
was not ascertained. Owing to the lateral movement shortly 
after mid-day, the descending and ascending lines did not 
coincide, and irregular ellipses were described during each 24 h. 
The regular periodicity of these movements is destroyed, as wo 
shall hereafter see, if the seedlings are kept in the dark. 




Solanum lycoper- 

nut:ition of hy- 
pocotyl, with 
hlamcot fixed 

mit, traced on 
horizontal glass, 
from 10 A.M. to 
5 p.m. Oct. 24th. 
Illuminated ob- 
liquely from 
above. Slove- 
ment of bead 
m.agnified about 
35 times, here 
reduced to one- 
third of original 
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Solanum palinacanthum.—Se\era.l arclied hypocotyls rising 
nearly '2 of an inch above the ground, but with the cotyledons 
still buried beneath the surfiice, were oliscrved, and the tracings 
showed that they circumnutated. Moreover, in several cases 
little open circular spaces or cracks in the argillaceous Siind 
which surrounded the arched hypocotyls were visible, and 
these appeared to have been made by the hypocotyls having 
bent first to one and then to another side whilst growing up- 
wards. In two instances the vertical arches were observed to 
move to a considerable distance backwards from the point where 
the cotyledons lay buried; this movement, which has been 
noticed in some other cases, and which seems to aid in extracting 
the cotyledons from the buried seed-coats, is due to the com- 
mencement of the straightening of the hypocotyl. In order to 
prevent this latter movement, the two legs of an arch, the 



Solanum palinacanthum : circuinniit.ition of an arched hypocotyl, just 
emerging from the ground, with the two legs tied together, traced in 
darknes.s on n horizontal glass, from 9.20 A.M. Dec. 17th to 8.30 .\.M. 
19th. Movement of bead magnilied 13 times; bat the filament, whi*h 
was affixed obliquely to the crown of the arch, was of unusual length. 

summit of which was on a level with the surface of the soil, 
were tied together ; the earth having been previously removed 
to a little depth all round. The movement of the arch during 
47 hours under these unnatural circumstances is exhibited 
in the annc.xcd figure. 

The cotyledons of some seedlings in the hot-house were hori- 
zontal about noon on December I3th ; and at 10 p.m. had risen 
to an angle of 27= above the horizon ; at 7 a.m. on the following 



> 



Fig. 38. 
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morning, before it was light, they had ri.sen to 59° above tho 
horizon; in the afternoon of the same day they were foimd 
again horizontal. 

Beta vuh/aris (Chenopodeaj). — The seedlings are excessively 
sensitive to light, so that although on the first day they 
were uncovered only during two or three 
minutes at each observation, they all moved 
steadily towards the side of the room 
whence the light proceeded, and the trac- 
ings consisted only of slightly zigzag lines 
directed towards the light. On the next 
day the plants were placed in a completely 
darkened room, and at each observation 
were illuminated as much as possible from 
vertically above by a small wax taper. The . 
annexed figure (Fig. 39) shows the move- 
ment of the hypocotyl during 9 h. under 
these circumstances. A second seedling 
was similarly observed at the same time, 
and the tracing had the same peculiar 
character, due to the hypocotyl often mov- 
ing and returning in nearly i)arallel lines. 
The movement of a third hyixicotyl differed 
greatly. 

We endeavoured to trace the movements 
of the cotyledons, and for this pur]X)se 
some seedlings were kept in the dark, but 
they moved in an abnormal manner ; they 
continued rising from 8.45 a.m. to 2 p.ji., 
then moved laterally, and from 3 to 6 p.m. 
descended ; whereas cotyledons which have been exposed all 
the day to the light rise in the evening so as to stand verti- 
cally at night; but this statement applies only to young 
seedlings. For instance, six seedlings in the greenhouse had- 
their cotyledons partially open for the first time on the morning 
of November 15th, and at 8.45 p.m. all were completely closed, 
so that they might property be said to be asleep. Again, on the 
morning of November 27th, the cotyledons of four other seedlings, 
which were surrounded by a collar of brown paper so that they 
received light only from above, were open to the extent of 
39° ; at 10 p.m. they were completely closed ; next morning 
(November 28th) at 6.45 a.m., whilst it was still dark, two of them 



Fig. 39. 




Seta tu’garia: circum- 
nutatioo of hypo- 
cotyl, with filament 
fi.tcd obliquely a- 
cross its summit, 
tr.accd in darkness 
on horizontal glass, 
from 8.25 A.M. to 
5.30 P.M. Nor. 4th. 
Movement of bead 
magnified 23 time.s, 
here reduced to one- 
third of original 



© The Complete Work of Charles Darwin Online 



Chap. I. 



RICINUS AND QUERCUS. 



53 



■were partially open and all opened in the course of the morning ; 
but at 10.20 p.M. all four (not to mention nine others which 
had been open in the morning and six others on another occa- 
sion) were again completely closed. On the morning of the 
29th they were open, but at night only one of the four was 
closed, and this only partially; the three others had their 
cotyledons much moie raised than during the day. On the 
night of the 30th the cotyledons of the four were only slightly 

Sicinus Borhouicnsis (Euphorbiacca;).- Seeds were purchased 
under the above name — probably a variety of the common castor- 
oil plant. As soon as an arched hypocotyl had risen clear above 
the ground, a filament was attached to the upper leg bearing the 
cotyledons which were still buried beneath the surface, and the 
• movement of the bead was traced on a horizontal glass during 
a period of 34 h. The lines traced were strongly zigzag, and 
as the bead twice returned nearly parallel to its fonner course 
in two different directions, there could be no doubt that the 
arched hypocotyl circumnutated. At the close of the 34 h. 
the upper part began to rise and straighten itself, dragging the 
cotyledons out of the ground, so that the movements of the 
bead could no longer he traced on the glass. 

Quercus (American sp.) (Cupuliferse).— Acorns of an American 
oak which had germinated at Kew were planted in a pot iu 
the greenhouse. This transplantation checked their growth; 
but after ’a time one grew to a height of five inches, 
measured to the tips of the small partially unfolded leaves on 
the summit, and now looked vigorous. It consisted of six 
very thin internodes of unequal lengths. Considering these 
circumstances and the nature of the plant, we hardly expected 
that it would circumnutate; but the annexed figure (Fig. 40) 
shows that it did so in a conspicuous manner, changing its 
course many times and travelling in all directions during the 
• 48 h. of observation. The figure seems to represent 5 or 6 
irregular ovals or ellipses. The actual amount of movement 
from side to side (excluding one great bend to the left) was 
about -2 of an inch; but this was difficult to estimate, as owing 
to the rapid growth of the stem, the attached filament was 
much further from the mark beneath at the close than at the 
commencement of the observations. It deserves notice that the 
pot was placed in a north-east room within a deep box, the top 
of which was not at first covered up, so that the inside facing 
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the windows was a little more illuminated than the opposite 
side ; and during the first morning the stem travelled to a 
greater distance in this direction (to the left in the figure) than 
it did afterwards when the box was completely protected from 
light 




Qnercm Observations were made only on the move- 

ments of the radicles from germinating acorns, which were allowed 
to grow downwards in the manner previously described, over 
plates of smoked glass, inclined at angles between 65° and 69° 
to the horizon. In four cases the tracks left were almost straight, 
but the tips had pressed sometimes with more and sometimes 
with less force on the glass, as shown by the varying thickness 
of the tracks and by little bridges of soot left across them. 
Ill the fifth case the track was slightly serpentine, that is, the 
tip had moved a little from side to side. In the sixtk case 
(Fig. 41, A) it was plainly serpentine, and the tip had pressed 
almost equably on the glass in its whole course. In the seventh 
case (B) the tip had moved both laterally and had pressed 
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alteniately with unequal force on the glass; so that it had 
moved a little in two planes at right angles to one another. In 
the eighth and last case (C) it had moved very little laterally, 
but had alternately left the glass and come into contact with it 
again. There can be no doubt that in the last foiu- cases the 
radicle of the oak circumnutated whilst gi'owing downwards. 



Qucrcus rdhur: tracks left on inclined snicked glass-plates by tips of 
radicles in growing downwards. Plates A and C inclined at 6a° and 
plate B at 68° to the horizon. 

Coryhts avellana (Corylacete).— The cpicotyl breaks through 
the ground in an arched form ; but in the specimen which was 
first examined, the apex had become decayed, and the epicotyl 
grew to some distance through the soil, in a tortuous, almost 
liorizontal direction, like a root. In consequence of this injury 
it had emitted near the hypogean cotyledons two secondary 
shoots, and it was remarkable that both of these were arched, 
like the normal epicotyl in ordinary cases. The soil was removed 
from around one of these arched secondary shoots, and a glass 
filament was affixed to the basal leg. The whole was kept 
damp beneath a metal-box with a glass lid, and was thus illumi- 
nated only from above. Owing apparently to the lateral pressure 
of the earth being removed, the terminal and bowed-down part 
of the shoot began at once to move upwards, so that after 
‘id h. it foi-med a right angle with the lower part. This lower 
part, to which the filament was attached, also straightened 
itself, and moved a little backwards from the upper part. Con- 
sequently a long line was traced on the horizontal glass ; and 



Fig. 41. 
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this w.as in parts straight and in parts decidedly zigzag, 
indicating circumnutation. 

On the following day the other secondary shoot was observed ; 
it was a little more advanced in age, for the upper part, instead 
of depending vertically downwards, 
stood at an angle of 45° above the 
horizon. The tip of the shoot pro- 
jected obliquely '4 of an inch above 
the ground, but by the close of our 
observations, which lasted 47 h., it 
had gi’own, chiefly towards its base, 
to a height of ‘85 of an inch. The 
filament was fixed transversely to 
the basal and almost upright half 
of the shoot, close beneath the low-est 
.scale-like appendage. The circum- 
imtating course pursued is showTi 
Corylus avcUana: circumnuta- in the accompanying figure (Fig. 
tionofa young shoot emitted 42). The actual distance traversed 
from side to side was about -04 of 
inch. 

'Hnits pinaster (Coniferte). — A 
young hypocotyl, with the tips 




of which h.ad been injured, 
traced on a horizontal glass, 
from 9 A.M. Keb. 2nd ' 
Movemen 



times '' - of the cotyledons still enclosed 

within the seed-coats, was at first 
only -35 of an inch in height; but the upper part grew so 
rapidly that at the end of our observations it was • 6 in height. 




Pinas pinaster : circumnutation of hypocotyl, with filament fixed across its 
summit, traced on horizontal glass, from 10 A.M. March 21st to 9 A.M. 
23rd. Seedling kept in darkness. Movement of bead magnified about 
85 times. 
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and by tliis time the filament was attached some way down the 
little stem. From some unknown cause, the hypocotyl moved 
far towards the left, but there could be no doubt (Fig. 43) that 
it circuinnutated. Another hypocotyl was similarly observed, 
and it likewise moved in a strongly zigzag line to the same side. 
This lateral movement was not caused by the attachment of 
the glass filaments, nor by the action of light ; for no light was 
allowed to enter when each observation was made, except from 
vertically above. 

The hypocotyl of a seedling was secured to a little stick; it 
bore nine in appearance distinct cotyledons, arranged in a circle. 
The movements of two nearly opposite ones were observed. The 
tip of one was painted white, with a mark placed below, and the 
figure described (Fig. 44, A) shows that it made an irregular 



Fig. a. 




B. 



^nus pinaster: circumnntation of two opposite cotyledons, traced on 
horizontal glass in darkness, from 8.45 A.M. to 8..« p.m. bov. 25th. 
Movement of tip in A magnified about 22 times, here reduced to one- 
half of original scale. 



circle in the course of about 8 h. During the night it 
travelled to a considerable distance in the direction indicated 
by the broken line. A glass filament was attached longitu- 
dinally to the other cotyledon, and this nearly completed 
(Fig. 44, B) an irregular circular figure in about l‘i hours. 
During the night it also moved to a considerable distance, in 
the direction indicated by the broken line. The cotyledons 
therefore ckciuHhutate independently of the movement of the 
hypocotyl. Although they moved much during the night, they 
did not approach each other so as to stand more vertically than 
during the day. 
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Cycas pectinata (Cycadese). — The large seeds of this plant in 
germinating first protrude a single leaf, -which breaks through 
tho ground with the petiole bowed into an arch and with the 
leaflets involuted. A leaf in this condition, which at the close 
of our observations was 25 inches in height, had its movements 
traced in a warm greenhonse by means of a glass filament 
bearing paper triangles attached across its tip. The tracing 
(Fig. 45) shows how large, complex, and rapid were the circum- 



Fig. 15. 




Cycas pectinata ; circunmutation of young leaf whilst emerging from the 
ground, feebly illuminated from above, traced on vertical glass, from 
5 p.M. May 28th to 11 A.JI. 31st. Movement magnified 7 times, here 
reduced to two-thirds of original scale. 

nutating movements. The extreme distance from side to side 
wliich it passed over amounted to between '6 and '7 of an 
inch. 

(Junna Warscewkzii (Cannacea;).— A seedling with the plu- 
mule projeeting one inch above the ground was observed, but 
not under fair conditions, as it was brought out of the hot- 
house and kept in a room not sufiiciently waAi. Nevertheless 
the tracing (Fig. 46) shows that it made two or three incom- 
plete irregular circles or ellipses in the course of 48 hoiu-s. The 
plumule is straight ; and this was the first instance observed 
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by Hs of the part that first breaks through tho ground not 
being arched. 



Fig 4G. 




Cunna Warscevciczii ; circnmnutation of plumule with filament atTixed 
obliquely to outer sheath-like leaf, traced in darkness onhorizontal glass 
from 8.45 a.m. Nor. 9th to 8.10 a.m. 11th. Movement of bead mag- 
nified 6 times. 

Allium ccpa (Liliaceffi). — The narrow green leaf, which pro- 
trudes from the seed of the common onion as a cotyledon,* 
breaks through the gi-ound in the form of an arch, in the same 
manner as the hypocotyl or epicotyl of a dicotyledonous plant. 
Long after the arch has risen above the surface the apex 
remains within the seed-coats, evidently absorbing the still 
abundant contents. The summit or crown of the arch, when 
it fir.st protrudes from the seed and is still buried beneath the 
ground, is simply rounded; but before it reaches the surface 
it is developed into a conical protuberance of a white colour 
(owing to the absence of chlorophyll), whilst the adjoining parts 
are green), with the epidermis apparently rather thicker and 
tougher than elsewhere. We may therefore conclude that this 
conical protuberance is a sjiecial adaptation for breaking through 
tlie ground,t and answers the same end as the knife-like white 
crest on the summit of the straight cotyledon of the Graminea). 

* This is the expression used purpose which it subserves. lie 
by Sachs in his ‘Text-book of ■ states that good figures of the 
Ifotany.’ cotyledon of the onion liave l)ccn 

t Ilubirlandt has briefly dc- given by Tiltmumi and by .Sachs 
scribed (‘Dio Schutzcinrichtiin- in his* lixperinicutal Physiologic,’ 
gen . . . Keimpflanze,’ 1877, p. 77) p. 93. 
this curious structure and the 
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After a time the apex is drawn out of the empty seed-coats, 
and rises up, forming a right angle, or more commonly a still 
larger angle with the lower part, and occasionally the whole 
becomes nearly straight. The conical protuberance, which 
originally formed the crown of the arch, is now seated on one 
side, and appears like a joint or knee, which from acquiring 
chlorophyll l)ecomes green, and increases in size. In rarely or 
never becoming perfectly straight, these cotyledons differ remark- 
ably from the ultimate condition of the arched hypocotyls or 
cpicotyls of dicotyledons. It is, also, a singular circumstance 
that the attenuated extremity of the upper bent portion 
invariably withers and dies. 

A filament, I '7 inch in length, was affixed nearly upright 
beneath the knee to the basal and vertical portion of a 
cotyledon; and its movements were 
traced during II h. in the usual manner. 
The tracing here given (Fig. 47) indi- 
cates circumnutation. The movement of 
the upper part above the knee of the same 
cotyledon, wliich projected at about an 
angle of 45° above the horizon, was 
observed at the same time. A filament 
was not affixed to it, but a mark was 
placed beneath the apex, which was 
almost White from beginning to wither, 
and its movements were thus traced. The 
figure described resembled pretty closely 
that above given ; and this shows that the 
chief seat of movement is in the lower or 
basal part of the cotyledon. 

Aapriragus nfficinaUs (Asparageffi). — 
The tip of a straight plumule or cotyledon 
(for we do not know which it should be 
called) was found at a depth of T inch 
beneath the surface, and the earth was then removed all round 
to the depth of -3 inch. A glass filament was affixed obliquely to 
it, and the movement of the bead, magnified 17 times, was traced 
in darkness. During the first I h. 15 m. the plumule moved to 
the right, and during the ne.xt two hours it returned in a roughly 
parallel but strongly zigzag course. From some unknown cause 
it had grown up through the soil in an inclined direction, and 
now through aiwgeotropism it moved during nearly ‘24 h. in 
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Allium cep'i; circumnu- 
tation of basal half 
of arched cotyledon, 
ti-accd in darkness on 
horizontal glass, from 
8.15 A.M. to 10 r.M. 
Oct. 31st. Jlovcnient 
of bead magnified 
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the same general direction, but in a slightly zigzag manner, 
until it became upright. On the following morning it changed 
its course completely. There can therefore hardly be a doubt 
that the plumule circumnutates, whilst buried beneath the 
ground, as much as the pressure of the surrounding earth will 
permit. The surface of the soil in the pot was now covered with 
a thin layer of very fine argillaceous sand, which was kept damp; 
and after the tapering ^edlings had grown a few tenths of 
an inch in height, each was found surrounded by a little open 
space or circular crack ; and this could be accounted for only by 
tlieir having circumnutated and thus pushed away the sand on 
all sides ; for there was no vestige of a crack in any other part. 

In order to prove that there was circumnutation, the movc- 



Fig. 48. 





mcnts of five seedlings, varying in height from '3 inch to 2 ii 
were traced. They were placed within a box and ilium 
from above; but in all five cases the longer axes of the figures 

light seemed to have come through the glass roof of the green- 
house on one side than on any other. All five tracings re- 
sembled each other to a certain extent, and it will suffice to give 
two of them. In A (Fig. 48) the seedling was only '45 of an 
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inch in height, ami consisted of a single internode hearing a 
hud on its summit. The apex described between 8.30 a.m. and 
10.20 P.M. (i.e. during nearly 14 hours) a figure which would 
probably have consisted of 31 ellipses, had not the stem been 
drawn to one side until 1p.m., after which hour it moved back- 
wards. On the following morning it was not far distant from 
the point whence it had first started. The actual amount of 
movement of the apex from side to side was very small, viz. 
about ^th of an inch. The seedling of which the movements 
are sliown in Fig. 48, B, was 11 inch in height, and consisted of 
three internodes besides tlie bud on the summit. The figure, 
which was descrilxsd during 10 h., apparently represents two 
irregular and unequal ellipses or circles. The actual amount of 
movement of the apex, in the line not influenced by the light, was 
•11 of an inch, and in that thus influenced '37 of an inch. With 
a seedling 2 inches in height it was obvious, even without the 
aid of any tracing, that the uppermost part of the stem bent 
sticcessively to all points of the compass, like the stem of a 
twining plant. A little increase in the power of circumnutating 
and in the flexibility of the stem, would convert the common 
asparagus into a twining plant, as has occurred with one species 
in this genus, namely, A. ucandeiis. 

Phalaris Canariemis (Graminea'). — With the Graminese the 
part which first rises above the ground has been called by some 
authors the pileole; and various views have been expressed on 
its homological nature. It is considered by some great authori- 
ties to be a cotyledon, which term we will use without venturing 
to express any opinion on the subject.* It consists in the 
present case of a slightly flattened reddish sheqtb, terminating 
upwards in a sharp white edge; it encloses a true green loaf, 
which protrudes from the sheath through a slit-like orifice, 
close beneath and at right angles to the sharp edge on the 
summit. The sheath is not arched when it breaks through the 
ground. 

The movements of three rather old seedlings, about 11 inch 
in height, shortly before the protrusion of the leaves, were first 
traced. They were illuminated exclusively from above; for, as 
will hereafter be shown, they are excessively sensitive to the 



» AVe are indebted to the Rev. this subject, together with re- 
G. Heiislow for an abstract of the fercuces. 
views which have been held on 
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Fig. 49. 




action of light ; and if any enters even temporarily on one side, 
they merely bend to this side in slightly zigzag lines. Of the three 
tracings one alone (Fig. 49) is here given. ILvi the observations 
been more frequent during the 12 h. 
two oval figures would have been 
described with their longer axes at 
right angles to one another. The 
actual amount of movement of the 
apex from side to side was about 
■3 of an inch. The figures described 
by the other two seedlings resembled 
to a certain extent the one here 
given. 

A seedling which had just broken 
through the ground and projected 
only ■g'jth of an inch above the 
surface, was next observed in the 
same manner as before. It was 
neces-sary to clear away the earth 
all round the seedling to a little 
depth in order to place a mark 
beneath the apex. The figure (Fig. 50) shows that the apex 
moved to one side, but changed its course ten times in the 
course of the ten hours of observa- 
tion ; so that there ean be no doubt Fig. so. 

about its eircumnutation. The 
cause of the general movement 
in one direction could hardly be 
attributed to the entrance of 
lateral hght, as tliis was carefully 
guarded against ; and we suppose 
it was in some manner connected Phular 
with the removal of the earth 
round the little seedling. 

Lastly, the soil in the same pot 
was searched with the aid of a 
lens, and the white knife-like apex 
of a seedling was found on an exact 
level with that of the surrounding 
surface. The soil was removed all round the apex to the dejith 
of a quarter of an inch, the seed itself remaining covered. The 
pot, proteeted from lateral light, was placed under the micro- 



Phahiris Ginarietisis; ciicumnu- 
gitioa of a cotyledon, with a 
mark placed below the apex, 
traced on a horizontal glass, 
from 8.35 A.M. Nov. 26th to 
8.45 a.m. 27th. Movement of 
apex magnilv d 7 times, here 
reduced to oiie-half scale. 






is Canariensis ; circumnu 
>n of a very young 
ledon, with a mark place 
below the apex, traced on 
horizontal glas!i, from 11.3 
A.M. to 9.30 f.M..Dec. 13th. 
Movement of ai>ex greatly 
magnified, here redm^ed to 
one-fourth of original scale. 
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scope -with a micrometer eye-picce, so arranged that each 
division equalled ^th of an inch. After an interval of 30 m. 
the apex was observed, and it was seen to cross a little obliquely 
two divisions of the micrometer in 9 m. 15 s. ; and after a few 
minutes it crossed the same space in 8 m. 50 s. The seedling 
was again observed after an intervalof three-quarters of an hour, 
and now the apex crossed rather obliquely two divissions in 10 m. 
We may therefore conclude that it was travelling at about the 
rate of -J^th of an inch in 45 minutes. We may also conelude 
from these and the previous observations, that the seedlings of 
Phaluris in breaking through the surface of the soil circum- 
nutatc as much as the surrounding pressure will permit. This 
fact accounts (as in the case before given of the asparagus) for 
a circular, narrow, open space or crack being distinctly visible 
round several seedlings which had risen through very fine 
argillaceous sand, kept uniformly damp. 

Zea mays (Graminem). — A glass filament was fixed obliquely 
to the summit of a cotyledon. 



Fig. 51. 



rising 2 of an inch above the 
ground ; but by the third morn- 
ing it had grown to exactly 
thrice this height, so that the 
distance of the bead from the 
mark below was greatly in- 
creased, eonsequently the trac- 
ing (Fig. 51) was much more 
magnified on the first than on 
the seeond day. The upper 
part of the cotyledon changed 
its course by at least as much 
Ze^ mays ; circumnutation of cotyle- as a rectangle six times on each 
don,traced on horizontal glass, from of the two daj'S. The plant 
Movetnt iHun^-ated by an obscure 
average about 25 times. light from vertically above. 

This was a necessary precau- 
tion, as on the previous day we had traced the movements of 
cotyledons placed in a deep lx)x, the inner side of which was 
feebly illuminated on one side from a distant north-east window, 
and at each observation by a wax taper held for a minute or 
two on the same side ; and the result was that the cotyledons 
travelled all day long to this side, though making in their course 
some conspicuous flexures, from which fact alone we might have 
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concluded that they were eircumnutating; but wo thought it 
advisable to make the tracing above given. 

Badidea . — Glass filaments were fixed to two short radicles, 
placed so as to stand almost upright, and whilst bending down- 
wards through geotropism their courses were strongly zigzag ; 
from this latter circumstance circumnutation might have been 
inferred, had not their tips become slightly withered after the 
first 24 h., though they w’ere watered and the air kept very 
damp. Nine radicles were next arranged in the manner 
formerly described, so that in growing downwards they left 
tracks on smoked glass-plates, inclined at various angles between 
4.5“ and 80“ beneath the horizon. Almost every one of these 
tracks offered evidence in their greater or less breadth in dif- 
ferent parts, or in little bridges of soot being 
left, that the apex had come alternately into 
more and le.ss close contact with the glass. In 
the accompanying figure (Fig. 52) we have 
an accurate copy of one such track. In two 
instances alone (and in these the plates were 
highly inclined) there was some evidence of 
slight lateral movement. We presume therefore 
that the friction of the apex on the smoked 
surface, little as this could have been, sufficed 
to check the movement from side to side of these 
delicate radicles. 

Avena saliva (Gramineae). — A cotyledon, 1) 
inch in height, was placed in front -of a north- 
east window, and the movement of the apex 
was traced on a horizontal glass during two 
days. It moved towards the light in a slightly 
zigzag line from 9 to 11.30 a.m. on October 15th ; it then moved 
a little backwards and zigzagged much until 5 p.m., after which 
hour, and during the night, it continued to move towards the 
window. On the following morning the same movement was 
continued in a nearly straight line until 12.40 p.m., when the sky 
remained until 2.35 extraordinarily dark from thunder-clouds. 
During this interval of 1 h. 55 m., whilst the light was obscure, 
it was interesting to ob.serve how circumnutation overcame 
heliotropisra, for the apex, instead of continuing to move towards 
the window in a slightly zigzag line, reveraed its course four 
times, making two small narrow ellipses. A diagram of this case 
will be given in the chapter on Heliotropism. 



left on inclined 
smoked glass- 
plate by tip 
of radicle in 
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A filament was next fixed to a cotyledon only f of an inch in 
height, which was illuminated exclusively from above, and as 
it was kept in a warm greenhouse, it grew raindly ; and now 

there could be no doubt about its circumnutation, for it described 

a figure of 8 as well as two small ellipses in 5i hours. 
Kephrodium molle (Filices).— A seedling fern of this species 




came up by chance in a flower- 
pot near its parent. The frond, 
as yet only slightly lobed, was 
only TG of an inch in length and 
•2 in breadth, and was supported 
on a rachis as fine as a hair 
and -23 of an inch in height. A 
very thin glass filament, w'hich 
projected for a length of -36 of 
an inch, was fixed to the end of 
the frond. The movement was 
so highly magnified that the 
figure (Fig. 53) cannot be fully 



Scphrodi'im moUe ; ciicumnut.itio 
of very young frond, traced i 

darkness on horizontal ghiss, -a — « cuy cauuui, uo 

from 9 A M. to 9. p.M. Oct. 30th. trusted; but the frond _ 
Movement of bead magnified 48 constantly moving in a complex 
manner, and the bead greatly 
c lninged its course eighteen times in the 12 hours of observation. 
Within half an hour it often returned in a line almost parallel 
to its former course. The greatest amount of movement occurred 
... ,, between 4 and 6 p.m. The circumnuta- 

tion of this plant 



^ s interesting, because 

nT' species in the genus Lygodium are 

known to circumnutate conspicuously 
to twine round any neighbouring 
object. 

Silaginella A'rmssii (?) : Selaginella Eraussii (?) (Lycopodiacese). 

circumnutation of —A Very young plant, only ’4 of an inch 
dSess, traced^ from had sprung up in a pot in the 

8.45 A.M. to 10 P.M. bot-house. An extremely fine glass fila- 
Oct. 31st. ment was fixed to the end of the frond- 

. , stem, and the movement of the bead 

traced on a horizontal glass. It changed its course several 
times, as shown in Fig. 54, whilst observed during 13 h. 15 m 
and returned at night to a point not far distant from that 
whence it had started in the morning. There can be no doubt 
liiat this little plant circumnutated. 
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CHAPTER II. 

General Con.-iderations on the Movements and Growth op 
Seedling Plants. 

Generality of the circuinnulaling movement— Radicles, their circum- 
niitation of service — Manner in which they penetrate the ground — 
Manner in which hypocotyls and other organs break through the 
ground by being arched — Singular manner of germination in Jlegar. 
rbiza, &c. — Abortion of cotyledons— Circumnutation of hypocotyls 
and epicotyls whilst still buried and arched — Their power of 
straightening themselves — Bursting of the seed-coats— Inherited 
effect of the arching process in hypogean hypocotyls— Circumnuta- 
tion of hypocotyls and epicotyls when erect — Ciicumnutation of 
cotyledons — Pulvini or joints of cotyledons, duration of their 
activity, rmlimentaiy in Oxalis comiculata, their development— 
Sensitiveness of c.itylcdons to light and consequent disturbance of 
their periodic mevements— Sensitiveness of cotyledons to contact. 

The circumnutating movements of the several parts 
or organs of a considerable number of seedling plants 
have been described in the last chapter. A list is here 
appended of the Families, Cohorts, Sub-classes, &e.. 
to which they belong, arranged and numbered ac- 
cording to tlie classification adopted by Hooker.* 
Any one wlio will consider this list will see that the 
young plants selected for observation, fairly represent 
the whole vegetable series excepting the lowest 
cryptogams, and the movements of some of the latter 
when mature will hereafter be described. As all the 
seedlings which were observed, including Conifers, 
Cycads and Ferns, which belong to the most ancient 



* As given in the ‘General System of Botany,’ by Lo Maoutand 
Dccuisue, 1873. 
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types amongst plants, were continually circumuu- 
tatiug, we may infer that this kind of movement is 
common to every seedling species. 

SuB-KiNcnoM I — Phaenogainons Plants. 



Class I.— Dicotyi.edons. 



Sub-class I —Angiosperiiu. 



14-. Crucifera. 

26. Caryophyllecc. 
66 Mahacece. 

41. Oxalidcw. 

49. Tropoiuka. 

52. Aurantiaccce. 
70. Hippocastancm. 
75. Lcguminosw, 
10l>. Cucurbiticca. 
109. Cactece. 

122. Composite. 

135. Primulacea:. 
145. AsdepiaJea. 
151. Convoltulacca. 
154. Sorragiiicce. 

156. Xolaneai. 

157. Solanea. 

181. Chenopodiecc. 
202. Euphorbiacca. 

211. Cupulifcra. 

212. Corglacca. 



Cohort. 

II. P.\RIETALES. 

IV. Cauvophtllales. 
VI. Malvales. 

VH. Gerasiales. 
Ditto 
Ditto 

X. Sapindales. 

XI. Rosales. 

XII. Passiflorales. 
XIV. Ficxmdales. 

XVII. Astrales. 

XX. Primulales. 
XXII. Gestiasales. 
XXIII. POLEMOSIALES. 

Ditto 

XXIV. SOLANALES. 
XXVII. Chenopodiales. 
XXXII. Eupiiorbiales. 
XXXVI. Ql'ernales. 
Ditto 



Sub-class II.— Gymnogperms. 

223. ConifertE. 

224. Cgcadea. 

Class II. -SIONOCOTYLEDONS. 



2. Canmcca. 
34. Liliacca. 
41. Asparagca;. 
55. Gramincai. 



II. Amomales. 
XI. XlLIALES. 

XV. Glumales. 



Scb-Kisgdom II. — Cryptogamic Plants. 
1. Filices. I. Filicales. 

6. Lycopodiaceas. Ditto 
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ACflOX OF THE RADICLE. 



Baclicles . — In all the germinating seeds observed 
by us, the first change is the protrusion of the 
radicle, which immediately bends downwards and 
endeavours to penetrate the ground. In order to 
effect this, it is almost necessary that the seed should 
be pressed down so as to ofler some resistance, unless 
indeed the soil is extremely loose ; for otherwise the 
seed is lifted up, instead of the radicle penetrating 
the surface. But seeds often get covered by earth 
thrown up by burrowing quadrupeds or scratching 
birds, by the castings of earth-worms, by heaps of 
excrement, the decaying branches of trees, &c., and 
will thus be pressed down ; and they must often fall 
into cracks when the ground is dry, or into holes. 
Even with seeds lying on the bare surface, the first 
developed root-hairs, by becoming attached to stones 
or other objects on the surface, are able to hold down 
the upper part of the radicle, whilst the tip pene- 
trates tlie ground. Sachs has shown* how well and 
closely root-hairs adapt themselves hy growth to the 
most irregular particles in the soil, and heeome firmly 
attached to them. This attachment seems to be 
effected by the softening or liquefaction of the outer 
surface of the wall of the hair and its subsequent 
consolidation, as will be on some future occasion 
more fully described. This intimate union plays an 
important part, according to Sachs, in the absorption 
of water and of the inorganic matter dissolved in it. 
The mechanical aid afforded by the root-hairs in pene- 
trating the ground is probably only a secondary 
Service. 

The tip of the radicle, as soon as it protrudes from 
the seed-coats, begins to circumnutate, and the whole 



• ‘Physiologie Vegetate,’ 1S68, pp. 109, 205. 
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growing part continues to do so, probably for as long 
as growth continues. This movement of the radicle 
has been described in Brassica, .Slsculus, Phaseolus, 
Vicia, Cucurbita, Quercus and Zea. The probability 
of its occurrence was inferred by Sachs,* from radicles 
placed vertically upwards being acted on by geotro- 
pism (which we likewise found to be the case), for if 
they had remained absolutely perpendicular, the attrac- 
tion of gravity could not have caused them to bend to 
any one side. Circumnutation was observed in the above 
specified cases, either by means of extremely fine fila- 
ments of glass affixed to the radicles in the manner 
previously described, or by their being allowed to 
grow downwards over inclined smoked glass-plates, on 
which they left their tracks. In the latter cases the 
serpentine course (see Pigs. 19, 21, 27, 41) showed 
unequivocally that the apex had continually moved 
from side to side. This lateral movement was small 
in extent, being in the case of Phaseolus at most 
about 1 mm. from a medial line to both sides. But 
there was also movement in a vertical plane at right 
angles to the inclined glass-plates. This was shown 
by the tracks often being alternately a little broader 
and narrower, due to the radicles having alternately 
pressed with greater and less force on the plates. 
Occasionally little bridges of soot were left across the 
tracks, showing that the apex had at those spots been 
lifted up. This latter fact was especially apt to occur 



* ‘ Ueber das Waclistlium der 
Wih-zlIu : Arbeiten dos bot. In- 
stituts in Wurzburg,’ Heft iii. 
1873, p 4G0. Tl.is mtmoir. be- 
sides its intrinsic and great in- 
terest, deserves to be studied n.s a 
moiled of careful investigation, 
and we sball liavo occusion to 
refer to it repeatedly. Dr. Frank 



bad previously remarked (‘ Bei- 
tiiigo zur Pfliinztnphysiologie,' 
1808, p. 81) on the fact of radicles 
placed vertically upwards being 
acted on by geutropism, and he 
explained it by the supposition 
that their growth was not equal 
on all sides. 
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when the radicle instead of travelling straight down 
the glass made a semicircular bend; but Fig. 52 
shows that this may occur when the track is rectilinear. 
The apex by tlius rising, was in one instance able to 
surmount a bristle cemented across an inclined glass- 
plate ; but slips of wood only of an inch in thickness 
always caused the radicles to bend rectangularly to 
one side, so that the apex did not rise to this small 
height in opposition to geotropism. 

In those cases in which radicles with attached fila- 
ments were placed so as to stand up almost vertically, 
they curved downwards throiigh the action of geotro- 
pism, circumnutating at the same time, and their 
courses were consequently zigzag. Sometimes, how- 
ever, they made great circular sweeps, the lines being 
likewise zigzag. 

Radicles closely surrounded by earth, even when 
this is thoroughly soaked and softened, may perhaps 
be quite prevented from circumnutating. Yet we 
should remember that the circumnutating sheath-like 
cotyledons of Phalaris, the hypocotyls of Solanum. 
and the epicotyls of Asparagus formed round them- 
selves little circular cracks or furrows in a superficial 
layer of damp argillaceous sand. They were also 
able, as well as the hypocotyls of Brassica, to form 
straight furrows in damp sand, whilst circumnutating 
and bending towards a lateral light. In a future 
chapter it will be shown that the rocking or circum- 
nutating movement of the flower-heads of Trifolium 
suhterraneum aids them in burying themselves. It is 
therefore probable that the circumnutation of the tip 
of the radicle aids it slightly in penetrating the 
ground ; and it may be observed in several of the 
previously given diagrams, that the movement is 
more strongly pronounced in radicles when they first 
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protrude from the seed than at a rather later period ; 
but whether this is an accidental or an adaptive 
coincidence we do not pretend to decide. Never- 
theless, when young radicles of Phaseolus multijlorus 
were fixed vertically close over damp sand, in the 
expectation tliat as soon as they reached it they 
would form circular furrows, this did not occur, — a 
fact which may bo accounted for, as we believe, by 
the furrow being filled up as soon as formed by the 
rapid increase of thickness in the apex of the radicle. 
^^’hether or not a radicle, when surrounded by soft- 
ened earth, is aided in forming a passage for itself 
by circumnutating, this movement can hardly fail 
to be of high importance, by guiding the radicle 
along a line of least resistance, as will be seen in the 
next chapter when we treat of the sensibility of the 
tip to contact. If, however, a radicle in its down- 
ward growth breaks obliquely into any crevice, or a 
hole left by a decayed root, or one made by the 
larva of an insect, and more especially by worms, the 
circumnutating movement of the tip will materially 
aid it in following such open passage ; and we have 
observed that roots commonly run dovn the old 
burrows of worms.* 

AVhen a radicle is placed in a horizontal or inclined 
position, the terminal growing part, as is well known, 
l)cnds down towards the centre of the earth ; and 
Sachs t has shown that whilst thus bending, the growth 
of the lower surface is greatly retarded, whilst that 



* Scc.also, Prof. Hciiscn’sptnte- roT.-.s niado by worms, 
meiits (■ Zeitsohrift fur Wissen, t ‘ Arbeiten des bot. Inst. 
Zool.,’ B. xxviii. p. 354, 1S77) to 'Wiirzburg,’ vol. i. 187.3, p. 461. 

the Slime effeet. Ho goes so far See abo p. 397 for the length of 

as to believe that roots are able the growing part, and p. 451 on 
to penetrate the ground to a great the force of geotropism. 
depth only by means of the bur- 
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of the upper surface continues at the normal rate, 
or may be even somewhat increased. He has further 
showm by attaching a thread, running over a pulley, 
to a horizontal radicle of largo size, namely, that 
of the common bean, that it was able to pull up a 
weight of only one gramme, or 1.5*4 grains. We may 
-therefore conclude that geotropism does not give a 
radicle force sufficient to penetrate the ground, but 
merely tells it (if such an expression may be used) 
which course to pursue. Before wo knew of Sachs’ 
more precise observations we covered a flat surface of 
damj) sand with the thinnest tin-foil which we could 
procure (’02 to ’03 mm., or ‘00012 to ‘00079 of an inch 
in thickness), and placed a radicle close above, in such 
a position that it grew almost jjerpendicularly down- 
wards. When the apex came iuto contact with the 
polished level sui-face it turned at right angles and 
glided over it without leaving any impression; yet 
the tin-foil was so flexible, that a little stick of soft 
wood, pointed to the same degree as the end of the 
radicle and gently loaded with a weight of only a 
Cj[uartcr of an ounce (120 grains) plainly indented the 
tin-foil. 

Badicles are able to penetrate the ground by the 
force due to their longitudinal and transverse growth ; 
the seeds themselves being held down by the weight 
of the superincumbent soil. In the case of the bean 
the apex, protected by the root-cap, is sharp, and 
the growing part, from 8 to 10 mm. in Icirgth, is 
much more rigid, as Sachs has proved, than the part 
immediately above, which has ceased to increase in 
length. We endeavoured to ascertain the downward 
pressure of the growing part, by placing germinating 
beans between two siuall metal plates, the upper one 
of which was loaded with a known weight; and the 
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radicle was then allowed to grow into a narrow hole in 
wood, 2 or 3 tenths of an inch in depth, and closed at 
the bottom. The wood was so cut that the short space 
of radicle between the mouth of the hole and the 
bean could not bend laterally on three sides ; but it 
was impossible to protect the fourth side, close to 
the bean. Consequently, as long as the radicle con- 
tinued to increase in length and remained straight, 
the weighted bean would be lifted up after the tip 
had reached the bottom of the shallow hole. Beans 
thus arranged, surrounded by damp sand, lifted up a 
quarter of a pound in 24 h. after the tip of the 
radicle had entered the hole. With a greater weight 
the radicles themselves always became bent on the one 
unguarded side; but this probably would not have 
occurred if they had been closely surrounded on all 
sides by compact earth. There was, however, a 
possible, but not probable, source of error in these 
trials, for it was not ascertained whether the beans 
themselves go on swelling for several days after they 
have germinated, and after having been treated in 
the manner in which ours had been ; 
namely, being first left for 24 h. in 
water, then allowed to germinate in 
very damp air, afterwards placed over 
Outline of piece of the hole and almost surrounded ' by 
ouc-ha^i”'^ mifurai saud in a closed box. 

size) with a hole We Succeeded better in ascertaining 
th^ rmiicie exerted transversely by these 

^ess''^o^'^tiIk"at so placed as to 

narrow end '08 pcuetrate Small holes made in little 
®tieks, one of which was cut into the 
hoie’-i inch. shape here exactly copied (Fig. 55). 

1 he short end ot the stick beyond 
the hole was purposely split, but not the opposite 
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end. As the wood was highly elastic, the split or 
fissure closed immediately after being made. After 
six days the stick and bean were dug out of the damp 
sand, and the radicle was found to be much enlarged 
above and beneath the hole. The fissure, which was 
at first quite closed, was now open to a width of 
4 mm. ; as soon as the radicle was extracted, it imme- 
diately closed to a width of 2 mm. The stick was 
then suspended horizontally by 
a fine wire passing through the 
hole lately filled by the radicle, 
and a little saucer was sus- 
pended beneath to receive the 
weights ; and it required 8 lbs. 

8 ozs. to open the fissure to the 
width of 4 mm. — that is, the 
width before the root was ex- 
tracted. But the part of the 
radicle (only •! of an inch in 
length) which was embedded in 
the hole, probably exerted a 
greater transverse strain even 
than 8 lbs. 8 ozs., for it had split 
the solid wood for a length of 
rather more than a quarter of 
an inch (exactly -275 inch), and 
this fissure is shown in Fig. 55. 

A second stick was tried in the 
same manner with almost ex- 
actly the same result. 

We then followed a better 
])lan. Holes were bored near 
the narrow end of two wooden clips or pincers (Fig. 56), 
kept closed by brass spiral springs. Two radicles in damp 
sand were allowed to grow through these holes. The 




Wooden pincers, kept closed by 
a spiral brass spring, with a 
hole (-U inch in diameter 
and '6 inch in depth) bored 
through the narrow closed 
part, through which ar,adicle 
of a bean was allowed to 
grow. Temp. 50°-60° K. 
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pincers rested on glass-plates to lessen the friction from 
the sand. The holes were a little larger (viz. •14 inch) 
and considerably deeper (viz. -6 inch) than in the 
trials with the sticks ; so that a greater length of a 
rather thicker radicle exerted a transverse strain. 
After 13 days tliey were taken up. The distance of 
two dots (see the figure) on the longer ends of the 
j)incers was now carefully measured ; the radicles were 
then extracted from the holes, and the pineers of 
course closed. They were then suspended horizontally 
in the same manner as were the bits of sticks, and a 
weight of 1500 grams (or 3 lbs. 4 ozs.) was necessary 
with one of the j)incers to open them to the same 
extent as had been effected by the transverse growth 
of the radicle. As soon as this radicle had slightly 
opened the pincers, it had grown into a flattened form 
and had escaped a little beyond the hole; its diameter 
in one direction being 4'2 mm., and at right angles 
3’5 mm. If this escajie and flattening could have 
been prevented, the radicle would probably have 
exerted a greater strain than the 3 lbs. 4 ozs. With 
the other pincers the railicle escaped still further 
out of the hole ; and the weight required to open 
them to the same extent as had been effected by the 
radicle, was only 600 grams. 

With these facts before us, there seems little diffi- 
culty in understanding how a radicle penetrates the 
ground. The apex is pointed and is protected by 
the root-cap ; the terminal growing part is rigid, and 
increases in length with a force equal, as far as our 
observations can be trusted, to the pressure of at least 
a quarter of a pound, probably with a much greater- 
force when prevented from bending to any side by the 
surrounding earth. Whilst thus increasing in length 
it increases in thickness, pushing away the damp 
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earth on all sides, with a force of above 8 pounds in 
one case, of 3 pounds in another case. It was impos- 
sible to decide whether the actual apex exerts, relatively 
to its diameter, the same transverse strain as the parts 
a little higher up ; but there seems no reason to doubt 
that this would be the case. The growing part there- 
fore does not act like a nail when hammered into a 
board, but more like a wedge of wood, which whilst 
slowly driven into a crevice continually expands at 
the same time by the absorption of water; and a 
wedge thus acting will split even a mass of rock. 

Manner in which Hypocolyh, Epicotyls, &c., rise tip 
and break through the ground. — After the radicle has 
penetrated the ground and fixed the seed, the hypo- 
cotyls of all the dicotyledonous seedlings observed by 
us, which lift their cotyledons above the surface, break 
through the ground in the form of an arch. When 
the cotyledons are hypogean, that is, remain buried in 
the soil, the hypocotyl is hardly developed, and the 
epicotyl or plumule rises in like manner as an arch 
through the ground. In all, or at least in most of such 
cases, the downwardly bent apex remains for a time 
enclosed within the seed-coats. With Corylus avel- 
lena the cotyledons arc hypogean, and the epicotyl 
is arched ; but in the particular case described in 
the last chapter its apex had been injured, and it 
grew laterally through the soil like a root ; and in 
consequence of this it had emitted two secondary 
shoots, which likewise broke through the ground as 
arches. 

Cyclamen does not produce any distinct stem, and 
only a single cotyledon appears at first ; * its petiole 

• Thill iA the coni’luaiol) orrired considered hy other botanists ns 
at by Dr. H. Gressner (‘Hot. the first true leaf U really tho 
Zeiliinp,’ 1874, ji. 837), who second cotylednn, whieh is I'rently 
maintains tliat what has been delayetl in its development. 
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breaks through the ground as an arch (Fig. 57). 
Fig.^T. Abronia also has only a single fully 
developed cotyledon, but in this 
case it is the hypocotyl which first 
emerges and is arched. Abronia 
umhellata, however, presents this 
peculiarity, that the enfolded blade 
of the one developed cotyledon 
(with the enclosed endosperm) 
Cyclamen Persicxm : wliilst still beneath the surface has 

seedliDg, figure en- •. i •, * 

larged; c, blade of apex Upturned and parallel to 
kg of the arched 
petiole beginning to JlOCOtj 1 ; but it is dragged 

f % ‘i‘o o«n- 

into a conn ; r, second- tlliued growth of the liypOCOtyl, 
.11) radicles. with the apex pointing downward. 

W ith Cyeas j)eetinata the cotyledons are hypogean, 
and a time leaf first breaks 
through the ground with 
its petiole forming an 
arch. 

In the genus Acanthus 
the cotyledons are likewise 
hypogean. In A. mollis, 
a single leaf first breaks 
tlirough the ground with 
its petiole arched, and with 
the opposite leaf much less 
developed, short, straight, 
of a yellowish colour, and 
petiole at first not 
side removed and the radicles cut half aS thick aS that of the 

undeveloped 

partially arched; 6, second and leaf is protected by staild- 

“"'‘■“i fei- 

cotyledon on the opposite side. low ; and it is au instruc- 



Fig. 58. 
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tive fact that it is not arched, as it has not to force 
for itself a passage through the ground. In the accom- 
panying sketch (Fig. 58) the petiole of the first leaf 
has already partially straightened itself, and the blade 
is beginning to unfold. The small second leaf ulti- 
mately grows to ah equal size with the first, but this 
process is efiectod at very different rates in different 
individuals: in one- instance the second leaf did not 
aj)pear fully above the ground until six weeks after the 
first leaf. As the leaves in the whole family of the 
Acanthaceai stand either opposite one another or in 
whorls, and as these are of equal size, the great in- 
equality between the first two leaves is a singular fact. 
We can see how this inequality of development and 
the arching of the petiole could have been gradually 
acquired, if they were beneficial to the seedlings by 
favouring their emergence ; for with A. caudelahrum, 
spinosus, and latifolius there was great variability in the 
inequality between the two first leaves and in the 
arching of their petioles. In one seedling of A. can- 
delabrum the first leaf was arched and nine times as 
long as the second, which latter consisted of a mere 
little, yellowish-white, straight, hairy style. In other 
seedlings the difference in length between the two 
leaves was as 3 to 2, or as 4 to 3, or as only -7G to 
• G2 inch. In these latter cases the first and taller leaf 
was not properly arched. Lastly, in another seedling 
there was not the least difference in size between the 
two first leaves, and both of them had their petioles 
straight ; their larainsG w-ere enfolded and pressed 
against each other, forming a lance or wedge, by 
which means they had broken through the ground. 
Therefore in different individuals of this same species 
of Acanthus the first pair of leaves breaks through 
the ground by two widely different methods ; and if 
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either had proved decidedly advantageous or disad- 
vantageous, one of them no doubt would soon have 
prevailed. 

Asa Gray has described * the peculiar manner of ger- 
mination of three widely different plants, in which the 
hypocotyl is hardly at all developed. These were there- 
fore observed by us in relation to our present subject. 

Delphinium nudicaule . — The elongated petioles of 
the two cotyledons are confluent (as are sometimes 
their blades at the base), and they break through the 
ground as an arch. They thus resemble in a most 
deceptive manner a hypocotyl. At first they are 
solid, but after a time become tubular ; and the basal 
])art beneath the ground is enlarged into a hollow 
chamber, within which the young leaves are developed 
without any prominent plumule. Externally root- 
hairs are formed on the confluent petioles, either a 
little above, or on a level with, the plumule. The 
first leaf at an early period of its growth and whilst 
within the chamber is quite straight, but the petiole 
soon becomes arched; and the swelling of this part 
(and probably of the blade) splits open one side of 
the chamber, and the leaf then emerges. The slit 
was found in one case to be 3*2 mm. in length, and 
it is seated on the line of confluence of the two 
petioles. The leaf when it first escapes from the 
cluimbor is buried beneath the ground, and now an 
upper part of the petiole near the blade becomes 
arched in the usual manner. The second leaf comes 
out of the slit either straight or somewhat arched, but 
afterwards the upper part of the petiole, — certainly in 
some, and we believe in all cases, — arches itself whilst 
forcing a passage through the s<jil. 
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Megarrhiza Californiea . — The cotyledons of this 
Gourd never free themselves from the seed-coats and 
are hypogean. Their petioles are completely con- 
tinent, forming a tube which terminates downwards 
in a little solid iioint, consisting of a minute radicle 
and hypocotyl, with the likewise minute plnmnle 
enclosed within the base of the tube. This structure 
was well exhibited in an abnormal specimen, in which 
one of the two cotyledons failed to produce a petiole, 
whilst the other produced one consisting of an open 
semicylindcr ending in a sharp point, formed of the 
parts just described. As soon as the confluent 
petioles protrude from the seed they bend down, as 
they arc strongly geotropic, and penetrate the ground. 
The seed itself retains its original position, either 
on the surface or buried at some dej)!!!, as the case 
may be. If, however, the point of the confluent 
petioles meets with some obstacle in the soil, as 
appears to have occurred with the seedlings desci'ibed 
and figured by Asa Gray,* the cotyledons are lifted 
up above the ground. The petioles are clothed with 
root-hairs like those on a true radicle, and they 
likewise resemble radicles in becoming brown when 
immersed in a solution of permanganate of jjotassium. 
Onr seeds were subjected to a high temperature, and 
in the course of three or four days the petioles pene- 
trated the soil perpendicularly to a depth of from 
2 to 2^ inches ; and not until then did the true 
radicle begin to grow. In one specimen which was 
closely observed, the petioles in 7 days after their 
first protrusion attained a length of 2^ inches, and the 
radicle by this time had also become well developed. 
The plumule, still enclosed within the tube, was now 



♦ • American Journal of Science,’ vol. xiv. 1877, p. 21 
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•3 inch in length, and was quite straight ; but from 
having increased in thickness it had just begun to 
split open the lower part of the petioles on one side, 
along the line of their confluence. Ey the following 
morning the upper part of the plumule had arched 
itself into a right angle, and the- 
convex side or elbow had thus been 
forced out through the slit. Here 
then the arching of the plumule 
plays the same part as in the case of 
the petioles of the Delphinium. As 
the plumule continued to grow, the 
tip became more arched, and in 
the course of six days it emerged 
through the 2 ^ inches of superin- 
cumbent soil, still retaining its 
arched form. After reaching the 
surface it straightened itself in the 
usual manner. In the accompany- 
ing figure (Fig. 58, A) we have a 
sketch of a seedling in this ad- 
vanced state of development; the 
surface of the ground being re- 

Megan-Mza Catifornica ; presented l)y the line G G. 

sketch of seedling, fjormination of the seeds in 

copied from Asa Gray, . - 

reduced to one-imif thoir mitivc Californian home pro- 
scale: c, cotyledons | ^ rather different manner, 

withm seed-coats; />, 

the two conHuent as we infer from an interesting 
roclt^anrldic'il; letter from Mr. llattan, sent to us 

pf, plumule; G Gj y)y l^pof, Asa Gray. The petioles 

surface ot soil. protrude from the seeds soon after 

the autumnal rains, and penetrate the ground, generally 
in a vertical direction, to a depth of from 4 to even 
G inches. They were found in this state by Mr. 
Eattan during the Christmas vacation, with the plu- 
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mules still enclosed within the tubes ; and he remarks 
that if the plumules had been at once developed and 
had reached the surface (as occurred with our seeds 
which were exposed to a high temperature), they 
would surely have been killed by the frost. As it is 
they lie dormant at some depth beneath the surface, 
and are thus protected from the cold ; and the root- 
hairs on the petioles would supply them with sufficient 
moisture. We shall hereafter see that many seedlings 
are protected from frost, but by a widely different 
process, namelj^, by being drawn beneath the surface 
by the contraction of their radicles. We may, how- 
ever, believe that the extraordinary manner of germi- 
nation of Jlegarrhiza has another and secondary 
advantage. The radicle begins in a few weeks to 
enlarge into a little tuber, which tlien abounds with 
starch and is only slightly bitter. It would therefore 
be very liable to be devoured by animals, were it not 
])rotected by being buried whilst young and tender, at a 
depth of some inches beneath the surface. Ultimately 
it grows to a huge size. 

fyomoea leptophijlla . — In most of the species of this 
genus the hypocotyl is well developed, and breaks 
through the ground as an arch. But the seeds of the 
present species in germinating behave like those of 
Megarrhiza, excepting that the elongated petioles of 
the cotyledons are not confluent. After they have 
protruded from the seed, they are united at their 
lower ends with the undeveloped hypocotyl and un- 
developed radicle, which together form a point only 
about T inch in length. They are at first highly 
geotroj)ic, and penetrate the ground to a depth of 
rather above half an inch. The radicle then begins 
to grow. On four occasions after the petioles had 
grown for a short distance vertically downwards, they 
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were placed in a horizontal position in damp air in the 
dark, and in the course of 4 hours they again became 
curved vertically downwards, having passed through 
90’ in this time. But their sensitiveness to geotropism 
lasts for only 2 or 3 days; and the terminal part 
alone, for a length of between -2 and -4 inch, is thus 
sensitive. Although the petioles of our specimens 
did not penetrate the ground to a greater depth than 
about ^ inch, yet they continued for some time to grow 
rapidly, and finally attained the great length of about 
3 inches. The upper part is apogeotroi>ic, and there- 
fore grows vertically upwards, excepting a short 
portion close to the blades, which at an early period 
bends downwards and becomes arched, and thus 
breaks through the ground. Afterwards this portion 
straiglitens itself, and the cotyledons then free them- 
selves from the seed-coats. Thus we here have in 
different parts of the same organ widely different kinds 
of movement and of sensitiveness ; for the basal part 
is geotropic, the upper part apogeotropic, and a portion 
near the blades temporarily and spontaneously arches 
itself. The plumule is not developed for some little 
time ; and as it rises between the bases of the parallel 
and closely approximate petioles of the cotyledons, 
which in breaking through the ground have formed an 
almost open passage, it does not require to he arched and 
is consequently always straight. AVhether the plumule 
remains buried and dormant for a time in its native 
country, and is thus protected from the cold of winter, 
we do not know. The radicle, like that of the Alegar- 
rhiza, grows into a tuber-like mass, which ultimately 
attains a great size. So it is with Ipomcea pandurata, 
the germination of which, as Asa Gray informs us, 
resembles that of I. leptopliyUa. 

The following case is interesting in connection with 



The Complete Work of Charles Darwin Online 



Chap. n. BREAKING THROUGH THE GROUND. 85 



the root-like nature of the petioles. The radicle of a 
seedling was cut ofl‘, as it was completely decayed, 
and the two now separated cotyledons w'cre planted. 
They emitted roots from their bases, and continued 
green and healthy for two months. The blades of 
both then withered^ and on removing the earth the 
bases of the petioles (instead of the radicle) were 
found enlarged into little tubers. Whether these 
would have had the power of producing two in- 
dependent plants ill the following summer, we do not 
know. 

In Quercus virens, according to Dr. Engelmaun,* 
both the cotyledons and their jictioles are confluent. 
The latter grow to a length “of an inch or even 
more and, if we understand rightly, penetrate the 
ground, so that they must be geotropic. The nutri- 
ment witliin the cotyledons is then quickly transferred 
to the hypocotyl or radicle, which tlius becomes 
developed into a fusiform tuber. The fact of 
tubers being formed by the foregoing three widely 
distinct plants, makes us believe that their protection 
from animals at an early age and whilst tender, is one 
at least of the advantages gained by the remark- 
able elongation of the petioles of the cotyledons, 
together with their power of penetrating the ground 
like roots under the guidance of geotropism. 

The following cases may be here given, as they bear 
on our present subject, though not relating to seed- 
lings. The flower-stem of the parasitic Lailirwa 
squamaria, which is destitute of true leaves, breaks 
through the ground as an arch ;t so docs the flower- 

• ‘ Tmn.-^act. St. I.<ouis Acad. ground cannot fail to be greatly 
Science,’ vol. iv. p. 190. facilitated by the extraoniinaiy 

t Tlie passage of the flower- quantity of water secreted at this 
stem of the Lathnca through the pi riod of the year by the subler- 
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stem of the parasitic and leafless Monolropa hjpopitijs. 
With Hellehorus niger, the flower-stems, which rise up 
independently of the leaves, likewise break through 
the ground as arches. This is also the case with the 
greatly elongated flower-stems, as well as with the 
petioles of Epimedium, pinnatum. So it is with the 
petioles of Ranunculus jicaria,\\'keTxi\iey have to break 
through the ground, but when they arise from the 
summit of the bulb above ground, they are from the 
lirst quite straight ; and this is a fiict which deserves 
notice. The rachis of the bracken fern (Pleris aqui- 
lina), and of some, probably many, other ferns, like- 
wise rises above ground under the form of an arch. 
No doubt other analogous instances could be found by 
careful search. In all ordinary cases of bulbs, rhizomes. 



ranenn scale-like leaves : not that 
there is any reason tD suppose 
tliat the secretion is a special 
adaptation for this purpose : it 
prolmbly follows from the "reat 
quantity of sap absorbed in the 
early spriiif' by the parasitic roots. 
After a long’period without any 
rain, the earth had beeonie light- 
coloured and very dry, but it was 
dark coloured and damp, even in 
parts quite Wet. for a disbincc of 
at least six inches all round each 
llower-steni. The water is secreted 
by glands (ilesciibed by Cohn, 

‘ bericiit. Bot. Sect, dor Schlc- 
siscl.cn Gesell.,’ 1870, p. 113) 
which lino the longitudinal 
channels running through e.ich 
scalc-like leaf. A large plant was 
dug up. washed so as to remove 
tlie earth, lift for some time to 
drain, and then placed in the 
evening on a dry glass-plate, 
covered with a bell-glass, and by 
next morning it ha I sccreteil a 
large pool of water. The plate 
was wiped dry, and in the course 
of the succeeding 7 or 8 hours 



another little pool was secreted, 
and after 16 additional hours 
several large drops. A smaller 
plant was washed and placed in a 
large jar, which was left inclined 
for an hour, by which time no 
more water drained off. The jar 
was then placed upright and 
closed ; after 23 hours twodr.ichins 
of water were collected from the 
bottom, and a little more after 2.7 
additional hours. The flower- 
stems were now cut otf, for they 
do not secrete, and the subter- 
ranean part of the plant was found 
to weigh lUG-8 gr.ims (1011 
grains), and the water secreted 
during the 48. hours weighed 
11-9 grams (IsS grains). — that is, 
one-ninth of the whole weight of 
the plant, excluding the flower- 
stems. We should remember that 
plants in a state of nature would 
jn-obably secrete in 48 hours much 
more than the above large amount, 
for their roots would continue all” 
the time absorbing sap from the 
plant on which they were para- 
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root-stocks, &c., buried beneath the ground, the surface 
is broken by a cone formed by the young imbricated 
leaves, the combined growth of which gives them force 
sufficient for the purpose. 

With germinating monocotyledonous seeds, of 
which, however, we did not observe a large number, 
the plumules, for instance, those of Asparagus and 
Canna, are straight whilst breaking through the ground. 
With the Gramineae, the sheath-like cotyledons are 
likewise straight ; they, however, terminate in a sharp 
crest, which is white and somewhat indurated ; and this 
structure obviously facilitates their emergence from 
the soil : the first true leaves escape from the sheath 
through a slit beneath the chisel-like apex and at 
right angles to it. In the case of the onion {Allium 
cepa) we again meet with an arch ; the leaf-like coty- 
ledon being abruptly bowed, when it breaks through 
the ground, with the apex still enelosed within tlie 
seed-coats. The crown of the arch, as previously 
described, is developed into a white conical pro- 
tuberauce, which we may safely believe to be a 
special adaptation for this office. 

The fact of so many organs of different kinds — 
hypocotyls and epicotyls, the petioles of some coty- 
ledons and of some first leaves, the cotyledons of 
the onion, the rachis of some ferns, and some flower- 
stems — being all arched whilst they break through 
the ground, shows how just are Dr. Haberlandt’s * 
remarks on the importance of the arch to seedling 
plants. He attributes its chief importance to the 
upper, young, and more tender parts of the hypocotyl 



* ‘ Die Sphutzeinriehtun^'en in tliongh our observations lead us 
der Eiitwickeluii" der Keim- to differ on some pc'iuts from tho 
pflanze,’ 1877.- We have learned author, 
much from this interesting essay, 

6 
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or epicotyl, being thus saved from abrasion and 
pressure whilst breaking through the ground. But 
we tliink that some importance may be attributed to 
the increased force gained by the hypocotyl, epicotyl, 
or other organ by being at first arched ; for both legs of 
the arch increase in length, and both have points of 
resistance as long as the tip remains enclosed within 
the seed-coats; and thus the crown of the arch is 
l)ushcd up through the earth with twice as much force 
as that which a straight hypocotyl, &c., could exert. 
As soon, however, as the upper end has freed itself, 
all the work has to bo done by the basal log. In 
the case of the epicotyl of the common bean, the 
basal leg (the apex having freed itself from the seed- 
coats) grew upwards with a force sufficient to lift a 
thin plate of zinc, loaded with 12 ounces. Two more 
ounces were added, and the 14 ounces were lifted up 
to a very little height, and then the epicotyl yielded 
and bent to one side. 

With respect to the primary cause of the arching 
process, we long thought in the case of many seedlings 
that this might be attributed to the manner in which 
the hypocotyl or epicotyl was packed and curved 
within the seed-coats ; and that the arched shape thus 
acquired was merely retained until the parts in question 
reached the surface of the ground. But it is doubtful 
whether this is the whole of the truth in any case. 
For instance, with the common bean, the epicotyl or 
plumule is bowed into an arch whilst breaking through 
the seed-coats, as shown in Fig. 59 (p. 92). The 
plumule first protrudes as a solid knob (e in A), which 
after twenty-four hours’ growth is seen (e in B) to be 
the crown of an arch. Nevertheless, with several 
beans which germinated in damp air, and had other- 
wise been treated in an unnatural manner, little 



© The Complete Work of Charles Darwin Online 



Chap. II. BREAKING THROUGH THE GROUND. 89 



plumules were developed in tlie axils of the petioles 
of both cotyledons, and these were as perfectly arched 
as the normal plumule ; yet they had not been sub- 
jected to any confinement or pressure, for the seed- 
coats were completely ruptured, and they grew in the 
open air. This proves that the plumule has an innate 
or spontaneous tendency to arch itself. 

In some other cases the hypocotyl or epicotyl pro- 
trudes from the seed at first only slightly bowed ; but 
tlie bowing afterwards increases independently of any 
constraint. The arch is thus made narrow, with the 
two legs, which are sometimes much elongated, parallel 
and close together, and thus it becomes well fitted 
for breaking through the ground. 

With many kinds of plants, the radicle, whilst still 
enclosed within the seed and likewise after its first pro- 
trusion, lies in a straight line with the future hypocotyl 
and with the longitudinal axis of the cotyledons. This 
is the case with Cucurhita ovifera ; nevertheless, in 
whatever position the seeds were buried, the hypoeotyl 
always came up arched in one particular direction. 
Seeds were planted in friable peat at a depth of about 
an inch in a vertical position, with the end from which 
the radicle protrudes downwards. Therefore all the 
parts occupied the same relative positions which 
they would ultimately hold after the seedlings had 
risen clear above the surface. Notwithstanding this 
fact, the hypocotyl arched itself; and as the arch 
grew upwards through the peat, the buried seeds were 
turned either upside down, or were laid horizontally, 
being afterwards dragged above the ground. Ulti- 
mately the hypocotyl straightened itself in the usual 
manner; and now after all these movements the 
several parts occupied the same position relatively to 
one another and to the centre of the earth, which tliey 
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90 HYPOCOTYLS, EPICOTYLS, ETC., Chap. IL 

had done when the seeds were first buried. But it may 
be argued in this and other such cases that, as the 
hypoeotyl grows up through the soil, the seed will 
almost certainly be tilted to one side ; and then 
from the resistance which it must offer during its 
further elevation, the upper part of the hypoeotyl will 
be doubled down and thus become arched. This view 
seems the more probable, because with Ranunculus 
ficaria only the petioles of the leaves which forced 
a passage through the earth were arched ; and not 
those which arose from the summits of the bulbs above 
the ground. Nevertheless, this explanation does not 
apply to the Cucurbita, for when germinating seeds 
were suspended in damp air in various positions by 
pins passing through the cotyledons, fixed to the 
inside of the lids of jars, in which case the hypo- 
cotyls were not subjected to any friction or constraint, 
yet the upper part became spontaneously arched. 
This fact, moreoA'er, proves that it is not the weight 
of the cotyledons which causes the arching. Seeds 
of Helianthus annuus and of two species of Ipomcea 
(those of J." bona nox being for the genus large 
and heavy) were pinned in the same manner, 
and the hypocotyls became spontaneously arched ; 
the radicles, which had been vertically dependent, 
assumed in consequence a horizontal position. In 
the case of Ipomoea leptopJujlla it is the petioles of the 
cotyledons which become arched whilst rising through 
the ground; and this occurred spontaneously when 
the seeds w'cre fixed to the lids of jars. 

It may, however, be suggested with some degree of 
probability that the arching was aboriginally caused 
by mechanical compulsion, owing to the confinement 
of the parts in question within the seed-coats, or to 
friction whilst they were being dragged upwards. But 
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if this is so, we must admit from the cases just given, 
that a tendency in the upper part of the several 
specified organs to bend downwards and thus to be- 
come arched, has now become with many plants firmly 
inherited. The arching, to whatever cause it may be 
due, is the result of modified circumnutation, through 
increased growth along the convex side of the part ; 
such growth being only temporary, for the part always 
straightens itself subsequently by increased growth 
along the concave side, as will hereafter be described. 

It is a curious fact that the hypocotyls of some 
plants, which are but little developed and which 
never raise their cotyledons above the ground, never- 
theless inherit a slight tendency to arch themselves, 
although this movement is not of the least use to 
them. We refer to a movement observed by Sachs 
in the hypocotyls of the bean and some other Legumi- 
nosre, and which is shown in the accompanying figure 
(Fig. 59), copied from his Essay.* The hypocotyl 
and radicle at first grow perpendicularly downwards, 
as at A, and then bend, often in the course of 24 hours, 
into the position shown at B. As we shall here- 
after often have to recur to this movement, we will, fur 
brevity sake, call it “ Sachs’ curvature.” At first sight 
it might be thought that the altered position of the 
radicle in B w'as wholly due to the outgrowth of the 
epicotyl (e), the petiole (p) serving as a hinge ; and 
it is probable that this is partly the cause ; but the 
hypocotyl and upper part of the radicle themselves 
become slightly curved. 

The above movement in th'e bean was repeatedly 
seen by us ; but our observations were made chiefly on 
Phaseolus muUijiorus, the cotyledons of which are like- 



* • Arbcitea dea bot. lustit. "Wurzburg,' vol. i. 1873, p. 403. 
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wise hypogean. Some seedlings with well-deyeloped 
radicles were first immersed in a solution of perman- 
ganate of potassium ; and, judging from the changes 
of colour (though these were not very clearly defined), 
the hypocotyl is about -3 inch in length. Straight, 
thin, black lines of this length were now drawn from 
the bases of the short petioles along the hypocotyls 




Vida faba : germinating seeds, suspended in damp air : A, with radicle 
growing perpendicularly downwards ; B, the same bean after 24 hours 
and after the radicle has curved itself; r, radicle; A, short hypocotyl ; 
e, epicotyi appearing ns a knob in A and as an arch in B ; p,'petiole of 
the cotyledon, the latter enclosed within the seed-coats. 

of 23 germinating seeds, which were pinned to the 
lids of jars, generally with the liilum downwards, and 
with their radicles pointing to the centre of the 
earth. After an interval of from 24 to 48 hours the 
black lines on the hypocotyls of 16 out of the 23 
seedlings became distinctly curved, but in very 
various degrees (namely, with radii between 20 and 
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80 mm. on Sachs’ cyclometer) in the same relative 
direction as shown at B in Fig. 59. As gcotropism 
will obviously tend to check this curvature, seven 
seeds were allowed to germinate with proper pre- 
cautions for their growth in a klinostat,* hy which 
means geotropism was eliminated. The position of the 
hypocotyls was observed during four successive days, 
and they continued to bend towards the hilum and 
lower surface of the seed. On the fourth day they 
were deflected by an average, angle of 63° from a line 
perpendicular to the lower surface, and were therefore 
considerably more curved than the hypocotyl and 
radicle in the bean at B (Fig. 59), though in the same 
relative direction. 

It will, \ve presume, be admitted that all leguminous 
plants with hypogean cotyledons are descended from 
forms which once raised their cotyledons above the 
ground in the ordinary manner ; and in doing so, it is 
certain that their hypocotyls would have been abruptly 
arched, as in the case of every other dicotyledonous 
plant. This is especially clear in the case of Phaseolus, 
for out of five species, the seedlings of which we 
observed, namely, P. multijlorus, caracalla, vulgaris, 
Hernandesii and Roxhurghii (inhabitants of the Old 
and New Worlds), the three last-named species have 
well-developed hypocotyls which break through the 
ground as arches. Now, if we imagine a seedling of 
the common bean or of P. multijlorus, to behave as its 
progenitors once did, the hypocotyl (Ji, Fig. 59), in 
whatever position the seed may have been buried, 
would become so much arched that the upper part 
would be doubled down parallel to the lower part ; and 



• An instrument devised bv on which the plant under obs^vn- 
Snehs, consisting essentially of a tion is supported : see ‘ Wurzburg 
slowly revolving horizontal axis. Arbeiten,’ 1879, p. 209. 
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this is exactly the hiiul of curvature which actually 
occurs in tliese two plants, though to a much less 
degree. Therefore we can hardly doubt that their 
short hypocotyls have retained by inheritance a ten- 
dency to curve themselves in the same manner as they 
did at a former period, when this movement was highly 
important to them for breaking through the ground, 
though now rendered useless by the cotyledons being 
hypogean. Eudimentary structures are in most cases 
highly variable, and we might expect that rudimentary 
or obsolete actions would be equally so; and Sachs’ 
curvature varies extremely in amount, and sometimes 
altogether fails. This is the sole instance known to 
us of the inheritance, thovigh in a feeble degree, of 
movements which have become superfluous from 
changes which the species has undergone. 



Rudimentanj Cotyledons . — A few remarks on this 
subject may be here interpolated. It is well known 
that some dicotyle- 
donous plants produce 
only a single cotyle- 
don ; for instance, cer- 
tain species of Eanun- 
culus, Corydalis, Chae- 
rophyllum ; and we 
will here endeavour to 
show that the loss of 
one or both cotyle- 
dons is apparently due 
aura«avm.- two puBg seedlings: to astore of nutri- 
c, larger cotyledon ; c’, smaller cotyle- , . , . , 

don ; h, thickened hypocotyl ; r, radicle, mcnt being laid Up in 

has'becoii^rerect.'* ^ 

the hypocotyl or one 
of the two cotyledons, or one of the secondary radicles. 
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With the orange (Citrus auranfium) the cotyledons are 
hypogean, and one is larger than the other, as may 
be seen in A (Fig. 60). In B the inequality is rather 
greater, and the stem has grown between the points 
of insertion of the two petioles, so that they do not 
stand opposite to one another; in another case the 
separation amounted to one-fifth of an inch. The 
smaller cotyledon of one seedling 
was extremely thin, and not half 
the length of the larger one, so that 
it was clearly becoming rudimen- 
tary.* In all these seedlings the 
hypocotyl was enlarged or swollen. 

With Abronia umhellata one of 
the cotyledons is quite rudimen- 
tary, as may be seen (c) in Fig. 61. 

In this specimen it consisted of a 
little green flap, VrtF inch in 
length, destitute of a petiole and 
covered with glands like those on 
the fully developed cotyledon (c). 

At first it stood opposite to tlie Abronia umbeUata : seed- 
larger cotyledon ; but as the petiole c”fotyledo”n **c”rudi- 
of the latter increased in length mcntaiy cotyledon; A, 
and grew in the same line with tdu[?heel*o^'’projJc^ 

the hypocotyl (h), the rudiment tion (A') at the lower 

appeared in older seedlings as if ’ ’’’ 
seated some way down the hypocotyl. With Abronia 
arenaria there is a similar rudiment, which in one 

* In Pachira aquatica, ns de- and very different water-plant, 
scribed by Mr. E. I. I.ynch Trapa nalans, one of the cotyle- 
(‘ Journal Linn. Soc. Bot.’ vol. dons, filled with farinaceous 
xvii. .1878, p. 147), one of the matter, is much larger than the 
hypogean cotyledons is of im- other, which is scarcely visible, 
mense size : the other is small as is stated by Aug. de Candolle, 
and soon falls off; the pair do not ‘Physiologie Ve'g.’ tom. ii. p. 834, 
always stand opposite. In another 1832. 
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specimen was only T-g-jjth and in another ^th inch in 
lengtli ; it ultimately appeared as if seated halfway 
down the hypocotyl. In both these species the hypo- 
cotyl is so much enlarged, especially at a very early 
age, that it might almost be called a corm. The lower 
end forms a heel or projection, the use of which will 
hereafter be described. 

In Cyclamen Persicum the hypocotyl, even whilst still 
within the seed, is enlarged into a regular corm,* and 
only a single cotyledon is at first developed (see former 
Fig. 57.) AVith Banunciilus Jicaria two cotyledons are 
never produced, and here one of the secondary radicles 
is developed at an early age into a so-called bulb.f 
Again, certain species of Chcerophyllum and Corydalis 
produce only a single cotyledon in the former the 
hypocotyl, and in the latter the radicle is enlarged, 
according to Irmisch, into a bulb. 

In the several foregoing cases one of the cotyledons 
is delayed in its development, or reduced in size, or 
rendered rudimentary, or quite aborted ; but in other 
cases both cotyledons are represented by mere rudi- 
ments. AVith Opuntia hasilaris this is not the case, 
for both cotyledons are thick and large, and the 
hypocotyl shows at first no signs of enlargement ; but 
afterwards, when the cotyledons have withered and dis- 
articulated themselves, it becomes thickened, and from 
its tapering form, together with its smooth, tough, 
brown skin, appears, when ultimately drawn down to 
some depth into the soil, like a root. On the other 



» Dr. H. Gressner, • Bot. Zei- Vauclier’s ncrount (‘ Hist. Phya. 
tung.’ 1874, p. 824. ties Plantes d’Europe,’ tom. i. 1841, 

t IrmiscI), ‘Beitiago zur Mor- p. 149) of the germination of the 

phologie dcr Pflanzen,’ 1854, pp. seeds of several species of Cory- 

II, 12; ‘Bot. Zeitung,’ 1874, p. dalis, that (he bulb or tubercule 
805. begins to be formed at an ex- 

t Delpino, ‘ Eivisfa Botanica,’ tremely early age. 

1877, p. 21. It is evident from 
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hand, with several other Cacteae, the hypocotyl is from 
the first much enlarged, and both cotyledons are 
almost or quite rudimentary. Thus with Cereus Land- 
beckii two little triangular projections, representing the 
cotyledons, are narrower than the hypocotyl, which is 
pear-shaped, with the point downwards. In Ehipsalis 
cassytha the eotyledons are represented by mere points 
on the enlarged hypocotyl. In Echinocactus viridescens 
the hypocotyl is globular, with two little prominences 
on its summit. In Pilocereiis Hoidletii the hypocotyl, 
much swollen in the upper part, is merely notched on 
the summit ; and each side of the notch evidently repre- 
sents a cotyledon. Stapdia sarpedon, a member of tlie 
very distinct family of the Asclepiadem, is fleshy like 
a cactus ; and here again the upper part of the flattened 
hypocotyl is much thickened and bears two minute coty- 
ledons, which, measured internally, were only -15 ineh 
in length, and in breadth not equal to one-fourth of tliG 
diameter of the hypocotyl in its narrow axis ; yet these 
minute cotyledons are probably not quite useless, for 
when the hypocotyl breaks through the ground in the 
form of an arch, they are closed or pressed against one 
another, and thus protect the plumule. They after- 
wards open. 

From the several cases now given, which refer to 
widely distinct plants, we may infer that there is some 
close connection between the reduced size of one or 
both cotyledons and the formation, by the enlargement 
of the hypocotyl or of the radicle, of a so-called bulb. 
But it may be asked, did the cotyledons first tend to 
abort, or did a bulb first begin to be formed? As 
all dicotyledons naturally produce two well-developed 
cotyledons, whilst the thickness of the hypocotyl and 
of the radicle diflers much in different plants, it seems 
probable that these latter organs first became from 
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some cause thickened — in several instances apparently 
in correlation with the fleshy nature of the mature 
plant — so as to contain a store of nutriment sufficient 
for the seedling, and then that one or both cotyledons, 
from being superfluous, decreased in size. It is not 
surprising tliat one cotyledon alone should sometimes 
have been thus affected, for with certain plants, for 
instance the cabbage, the cotyledons are at first of 
unequal size, owing apparently to the manner in which 
they arc packed within the seed. It does not, how- 
ever, follow from the above connection, that whenever 
a bulb is formed at an early age, one or both coty- 
ledons will necessarily become superfluous, and conse- 
quently more or less rudimentary. Finally, these 
cases offer a good illustration of the princij)le of com- 
pensation or balancement of growth, or, as Goethe 
expresses it, “ in order to spend on one side. Nature 
is forced to economise on the other side.” 

Circumnutation and other movements of llijpocotyh 
and Epicobjls, udiilst still arched and buried beneath 
the ground, and whilst breahing through it. — According 
to the position in which a seed may chance to 
have been buried, the. arched hypocotyl or epicotyl 
will begin to protrude in a horizontal, a more or 
less inclined, or in a vertical jdane. Except when 
already standing vertically upwards, both legs of the 
arch are acted on from the earliest period by apo- 
geotropism. Consequently they both bend upwards, 
until the arch becomes vertical. During the whole of 
this process, even before the arch has broken through 
the ground, it is continually trying to circumnutate 
to a slight extent ; as it likewise does if it happens at 
first to stand vertically up, — all which cases have 
been observed and described, more or less fully, in 
the last chapter. After the arch has grown to some 
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height upwards, the basal part ceases to circummitate, 
whilst the upper part continues to do so. 

That an arched hypocotyl or epicotyl, with the two 
legs fixed in the ground, should be able to cir- 
cuinnutatc, seemed to us, until we had read Prof. 
Wiesner’s observations, an inexplicable fact. He has 
shown* in the case of certain seedlings, whose tips 
are bent downwards (or which nutate), that whilst the 
posterior side of the upper or dependent portion grows 
quickest, the anterior and opposite side of the basal 
portion of the same internode grows quickest ; these 
two portions being separated by an indifferent zone, 
where the growth is equal on all sides. There may 
even be more than one indifferent zone in the same 
internode ; and the opposite sides of the parts above 
and below each such zone grow quickest. This pecu- 
liar manner of growth is called by \\ iesner “ un- 
dulatory nutation.” Circumnutation depends on one 
side of an organ growing quickest (probably preceded 
by increased turgescence), and then another side, 
generally almost the opposite one, growing quickest. 
Now if we look at an arch like this f| and suppose 
the whole of one side— we will say the whole convex 
side of both legs — to increase in length, this would 
not cause the arch to bend to either side. But if the 
outer side or surface of the left leg were to increase 
in length the arch would be pushed over to the right, 
and this would be aided by the inner side of the 
right leg increasing in length. If afterwards the 
process were reversed, the arch would be pushed over 
to the opposite or left side, and so on alternately, 
that is, it would circumnutate. As an arched hypo- 

• ‘ Die undulirende Nutation Also published separately, sco 
der luternodien,’ Akad. der TFjs- p. 32. 
sench. (Vienna), Jan. 17th, 1878. 
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cotyl, with the two legs fixed in the ground, certuinly 
circumnutates, and as it consists of a single internode, 
we may conclude that it grows in the manner de- 
scribed by Wiesner. It may be added, that the crown 
of the arch does not grow, or grows very slowly, for 
it does not increase much in breadth, whilst the arch 
itself increases greatly in height. 

The circumnutating movements of arched hypo- 
cotyls and c23icotyls can hardly fail to aid them in 
breaking through the ground, if this be damp and 
soft; though no doubt their emergence depends 
mainly on the force exerted by their longitudinal 
growth. Although the arch circumnutates only to a 
slight extent and probably with little force, yet it is 
able to move the soil near the surface, though it may 
not be able to do so at a moderate depth. A pot with 
seeds of Solanum palinacanthum, the tall arched hypo- 
cotyls of which had emerged and were growing rather 
slowly, was covered with fine argillaceous sand kept 
damp, and this at first closely surrounded the bases of 
the arches ; but soon a narrow open crack was formed 
round each of them, which could be accounted for 
only by their having pushed away the sand on all 
sides ; for no such cracks surrounded some little sticks 
and pins which had been driven into the sand. It 
has already been stated that the cotyledons of Phalaris 
and Avena, the plumules of Asparagus and the hypo- 
cotyls of Brassica, were likewise able to displace the 
same kind of sand, either whilst simply circumnu- 
tating or whilst bending towards a lateral light. 

As long as an arched hypocotyl or epicotyl remains 
buried beneath the ground, the two legs cannot sepa- 
rate from one another, except to a slight extent from 
the yielding of the soil; but as soon as the arch 
rises above the ground, or at an earlier period if 
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the pressure of the surrounding earth be artificially 
removed, the arch immediately begins to straighten 
itself. This no doubt is due to growth along the 
whole inner surface of both legs of the arch ; sucli 
growth being checked or prevepted, ns long as the two 
legs of the arch are firmly pressed together. When the 
earth is removed all round an arch and the two legs 
are tied together at their bases, the growth on the 
under side of the crown causes it after a time to 
become much flatter and broader than naturally 
occurs. The straightening process consists of a mo- 
dified form of circumnutation, for the lines described 
during this process (as with the hypocotyl of Brassica, 
and the epicotyls of Vicia and Corylus) were often 
plainly zigzag and sometimes looped. After hypo- 
cotyls or epicotyls have emerged from the ground, 
they quickly become perfectly straight. No trace is 
left of their former abrupt curvature, excepting in the 
case of Allium cepa, in which the cotyledon rarely 
becomes quite straight, owing to the protuberance 
developed on the crown of the arch. 

The increased growth along the inner surface of the 
arch which renders it straight, apparently begins in 
the basal leg or that which is united to the radicle ; 
for this leg, as we often observed, is first bowed back- 
w’ai'ds from the other leg. This movement facilitates 
the withdrawal of the tip of the epicotyl or of the 
cotyledons, as the case may be, from within the seed- 
coats and from the ground. But the cotyledons often 
emerge from the ground still tightly enclosed within 
the seed-coats, which apparently serve to protect them. 
The seed-coats are afterwards ruptured and cast off by 
the swelling of the closely conjoined cotyledons, and not 
by any movement or their separation from one another. 

Nevertheless, in some few cases, especially with the 



© The Complete Work of Charles Darwin Online 



I 



102 RUPTURE OF THE SEED-COATS. Chap. H. 

Cucurbitaceaj, the seed-coats are ruptured by a curious 
contrivance, described by M. Flahault.* A heel or 
peg is developed on one side of the summit of the 
radicle or base of the hypocotyl ; and this holds down 
the lower half of the seed-coats (the radicle being 
fixed into the ground) whilst the continued growth of 
Fig. 62. arched hypocotyl forces up- 

wards the upper half, and tears 
^isuuder the seed-coats at one end, 
li> and the cotyledons are then easily 

withdrawn. The accompanying 
^ 3 (Fig- 62) will render this 

iption intelligible. Forty- 
seeds of Cucurhita ovifera 
wore laid on friable peat and were 
covered by a layer about an inch 
in thickness, not much pressed 
down, so that the cotyledons in 
being dragged up were subjected 
to very little friction, yet forty of 
•"''"■n came up naked, the seed- 
s being left buried in the peat. 
or‘n::irL=:;"if This was certainly due to the action 
of Mdicie and holding ol the peg, for when it was pre- 
cis, wS/hlve 'been' acting, the cotyledons, 

partially ruptured by as we shall presently see, were 
hypocotyl** lifted lip still onclosed in their 

seed-coats. They were, however, 
cast off in tne course of two or three days bv the 
swelling of the cotyledons. Until this occurs light is 
excluded, and the cotyledons cannot decompose car- 
bonic acid ; but no one probably would have thought 
that the advantage thus gained by a little earlier cast- 
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ing off of the seed-coats would be sufficient to account 
for the development of the peg. Yet, according to 
]\[. Flahault, seedlings which have been prevented 
from casting their seed-coats whilst beneath the 
ground, are inferior to those which have emerged with 
their cotyledons naked and ready to act. 

The peg is developed with extraordinary rapidity ; 
for it could only just be distinguished in two seed- 
lings, having radicles '35 inch in length, but alter an 
interval of only 21 hours was well developed in 
both. It is formed, according to Flahault, by the 
enlargement of the layers of the cortical parenchyma 
at the base of the hypocotyl. If, however, we judge 
by the effects of a solution of permanganate of 
potassium, it is developed on the exact line of 
junction between the hypocotyl and radicle; for 
the Hat lower surface, as well as the edges, were 
coloured brown like the radicle ; whilst the ujf['>er 
slightly inclined surface w'as left uncoloured like the 
hypocotyl, excepting indeed in one out of 3o im- 
mersed seedlings in which a large part of the upper sur- 
face was coloured brown. Secondary roots sometimes 
spring from the lower surface of the peg, which thus 
seems in all respects to partake of the nature of the 
radicle. The peg is always developed on the side which 
becomes concave by the arching of the hypocotyl ; 
and it would be of no service if it were formed on any 
other side. It is also always developed with the flat 
lower side, which, as just stated, forms a part of the 
radicle, at right angles to it, and in a horizontal plane. 
This fact was clearly shown by burying some of the 
thin flat seeds in the same position as in Fig. 62, 
excepting that they w'ere not laid on their flat broad 
sides, but with one edge downwards. Nine seeds 
were thus planted, and the peg was developed in the 
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same position, relatively to the radicle, as in the 
figure; consequently it did not rest on the flat tip 
of the' lower half of the seed-coats, but was inserted 
like a wedge between the two tips. As the arched 
hypocotyl grew upwards it tended to draw up the 
whole seed, and the peg necessarily rubbed against 
both tips, but did not hold either down. The result 
was, that the cotyledons of five out of the nine seeds 
thus placed were raised above the ground still enclosed 
within their seed-coats. Four seeds were buried with 
the end from which the radiele protrudes pointing 
vertically downwards, and owing to the peg being 
always developed in the same position, its apex alone 
came into contact with, and rubbed against the tip on 
one side ; the result was, that the cotyledons of all 
four emerged still within their seed-coats. These cases 
show us how the peg acts in co-ordination with the 
position which the flat, thin, broad seeds w^ould almost 
always occupy when naturally sown. When the tip 
of the lower half of the seed-eoats was cut off, Flahault 
found (as we did likewise) that the peg could not act, 
since it had nothing to press on, and the cotyledons 
were raised above the ground with their seed-coats not 
cast off. Lastly, nature shows us the use of the peg ; 
for in the one Cucurbitaceous genus known to us, in 
which the cotyledons are hypogean and do not cast 
their seed-coats, namely, Megarrhiza, there is no 
vestige of a peg. This structure seems to be present 
in most of the other genera in the family, judging from 
Flahault’s statements; we found it well-developed and 
properly acting in TrichosantJies angiiina, in which we 
hardly expected to find it, as the cotyledons are some- 
what thick and fleshy. Few cases can be advanced 
of a structure better adapted for a special purpose 
than the present one. 
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With Mimosa pudica the radicle protrudes from a 
small hole in the sharp edge of the seed ; and on its 
summit, where united with the hypocotyl, a transverse 
ridge is developed at an early age, which clearly aids 
in splitting the tough seed-coats ; but it does not aid 
in casting them off, as this is subsequently effected by 
the swelling of the cotyledons after they have been 
raised above the ground. The ridge or heel therefore 
acts rather differently from that of Cucurbita. Its 
lower surface and the edges were coloured brown by 
the permanganate of potassium, but not the upper 
surface. It is a singular fact that after the ridge has 
done its work and has escaped from the seed-coats, 
it is developed into a frill all round the summit of the 
radicle.* 

At the base of the enlarged hypocotyl of Ahronia 
unibellata, where it blends into the radicle, there is a 
projection or heel which varies in shape, but its out- 
line is too angular in our former figure (Fig. Gl). The 
radicle first protrudes from a small hole at one end of 
the tough, leathery, winged fruit. At this period the 
upper part of the radicle is packed within the fruit 
parallel to the hypocotyl, and the single cotyledon is 
doubled back parallel to the latter. The swelling of 
these three parts, and especially the rapid development 
of the thick heel between the hypocotyl and radicle 
at the point where they are doubled, ruptures the 
tough fruit at the upper end and allows the arched 
hypocotyl to emerge ; and this seems to be the function 
of the heel. A seed was cut out of the fruit and 



* Our attention was willed to at tlie junction of the radicle and 

this case by a brief ituteinent by hypocotyl. This teed possesses a 

Nobbe in his ‘ Handbuoh der very hard and tough coat, and 

Sameukunde,’ 1876. p. 215, where would be likely to require aid in 

a figure is also given of a seedling bursting and freeing the cotyle- 

of Martynia with a heel or ridge dons. 
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allowed to germinate in damp air, and now a thin 
flat disc was developed all round the base of the 
hypoeotyl and grew to an extraordinary breadth, like 
the frill described under Mimosa, but somew'hat broader. 
Flahault says that with Mirabilis, a member of the 
same family with Abronia, a heel or collar is developed 
all round the base of the hypoeotyl, but more on one 
side than on the other; and that it frees the coty- 
ledons from their seed-coats. We observed only ohl 
seeds, and these were ruptured by the absorption of 
moisture, independently of any aid from the heel and 
before the protrusion of the radicle ; but it does not 
follow from our experience that fresh and tough fruits 
would behave in a like manner. 

In concluding this section of the present chapter it 
may be convenient to summarise, under the form of an 
illustration, the usual movements of. the hypocotyls 
and ei^icotyls of seedlings, whilst breaking through the 
ground and immediately afterwards. We may suppose 
a man to be thrown down on his hands and knees, and 
at the same time to one side, by a load of hay falling 
on him. He would first endeavour to get his arched 
back upright, wriggling at the same time in all 
directions to free himself a little from the surrounding 
pressure ; and this may represent the combined efl'ects 
of apogeotropism and circumnutation, when a seed is so 
buried that the arched hypoeotyl or epicotyl protrudes 
at first in a horizontal or inclined plane. The man, 
still wriggling, would then raise his arched back as 
high as he could ; and this may represent the growth 
and continued circumnutation of an arched hypoeotyl 
or epicotyl, before it has reached the surface of the 
ground. As soon as the man felt himself at all free, he 
would raise the upper part of his body, whilst still on 
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his knees and still wriggling ; and this may represent 
the bowing backwards of the basal leg of the arch, 
which in most cases aids in the withdrawal of the 
cotyledons from the buried and ruptured seed-co.ats, 
and the subsequent straightening of the whole hypo- 
cotyl or epicotyl — circumnntation still continuing. 

Circumnutation of Htjpocotyls and Epicotyls, when 
erect. — The hypocotyls, epicotyls, and first shoots of the 
many seedlings observed by us, after they had become 
straight and erect, circumnutated continuously. The 
diversified figures described by them, often during two 
successive days, have been shown in the woodcuts in 
the last chapter. It should be recollected that the 
dots were joined by straight lines, so that the figures 
are angular; but if the observations had been made 
every few minutes the lines would have been more 
or less curvilinear, and ii-regular ellipses or ovals, or 
perhaps occasionally circles, would have been formed. 
The direction of the longer axes of the ellipses made 
during the same day or on successive days generally 
changed completely, so as to stand at right angles to 
one another. The number of irregular ellipses or 
circles made within a given time differs much with 
different species. Thus with Brassica oleracea, Cerinihe 
major, and Cucurhita ovifera about four such figures 
were completed in 12 h. ; whereas with Solanum palina- 
canthuni and Opuntia basilaris, scarcely more than one. 
The figures likewise differ greatly in size ; thus they 
were very small and in some degree doubtful in Stapelia, 
and large in Brassica, &c. The ellipses described by 
Laihyrus nissolia and Brassica were narrow, whilst 
those made by the Oak w-ere broad. The figures are 
often complicated by small loops and zigzag lines. 

As most seedling plants before the development 
of true leaves are of low', sometimes very low stature. 
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the extreme amount of movement from side to side 
of their circumnutating stems was small ; that of 
the hypocotyl of Githago segetum was about ’2 of an 
inch, and that of Cucurbita ovtfera about '28. A 
very young shoot of Lalhijrus iiissolia moved about 
•14, tLit of an American oak -2, that of the common 
nut only '04, and a rather tall shoot of the Asparagus 
•11 of an inch. The extreme amount of movement 
of the sheath-like cotyledon of Phalaris Canariensis 
was -3 of an inch ; but it did not move very quickly, 
the tip crossing on one occasion five divisions of the 
micrometer, that is, y^ijth of an inch, in 22 m. 5 s. A 
seedling Nolana jyrostrata travelled the same distance 
in 10 m. 38 s. Seedling cabbages circumutated much 
more quickly, for the tip of a cotyledon crossed 
Jg-th of an inch on the micrometer in 3 m. 20 s. ; and 
this rapid movement, accompanied by incessant oscil- 
lations, was a wonderful spectacle when beheld under 
the microscope. 

The absence of light, for at least a day, does not 
interfere in the least with the circumnutation of the 
hypocotyls, epicotyls, or young shoots of the various 
dicotyledonous seedlings observed by us ; nor with that 
of the young shoots of some monocotyledons. The 
circumnutation was indeed much plainer in darkness 
than in light, for if the light was at all lateral the 
stem bent towards it in a more or less zigzag course. 

Finally, the hypocotyls of many seedlings are drawn 
during the winter into the ground, or even beneath it 
so that they disappear. This remarkable process, 
which apparently serves for their protection, has 
been fully described by De Vries.* He shows that 



• ‘ Bot. Zeitung,’ 1879, p. 649. burg,’ Jalirg. xvi. p. 16, as quoted 
See also Winkler in ‘Verhandl. by Haberlandt, ‘ Seliutzeinrichun- 
des Bot Vereins der P. Brunden- gen der Keimpflanze,’ 1877, p. 52. 
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it is effected by the contraction of the parenchyma- 
cells of the root. But the hypocotyl itself in some 
cases contracts greatly, and although at first smooth* 
becomes covered with zigzag ridges, as we observed 
with Githago segetum. How much of the drawing 
down and burying of the hypocotyl of Opuntia hasilaris 
was due to the contraction of this part and how much 
to that of the radicle, we did not observe. 

Circumnutation of Cotyledons. — With all the dico- 
tyledonous seedlings described in the last chapter, the 
cotyledons were in constant movement, chiefly in a ver- 
tical plane, and commonly once up and once down in 
the course of the 24 hours. But there were many excep- 
tions to such simplicity of movement ; thus the cotyle- 
dons of Ipomoea cserulea moved 13 times either upwards 
or downwards iix the course of 16 h. 18 m. Those of 
Oxalis rosea moved in the same manner 7 times in the 
course of 24 h. ; and those of Cassia tora described 5 
irregular ellipses in 9 h. The cotyledons of some 
individuals of Mimosa pudica and of Lotus Jacohwus 
moved only once up and down in 24 h., whilst those of 
others performed within the same period an additional 
small oscillation. Thus with different species, and 
with different individuals of the same species, there 
were many gradations from a single diurnal move- 
ment to oscillations as complex as those of the 
Ipomoea and Cassia. The opposite cotyledons on the 
same seedling move to a certain extent independently 
of one another. This was conspicuous with those of 
Oxalis sensitiva, in which one cotyledon might be 
seen during the daytime rising up until it stood 
vertically, whilst the opposite one was sinking down. 

Although the movements of cotyledons were gene- 
rally in nearly the same vertical plane, yet their 
upward and downward courses never exactly coin- 
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cifled; so thiit ellipses, more or less narrow, were 
described, and the cotyledons may safely be said to 
'have circummitated. Nor could this fact be accounted 
for by the mei'e increase in length of the cotyledons 
through growth, for this by itself w’ould not induce 
any lateral movement. That there was lateral move- 
ment in some instances, as w ith the cotyledons of the 
cabbage, was evident; for these, besides moving up 
and down, changed their course from right to left 12 
times in 14 h. 15 m. With Solanum hjcopersicum the 
cotyledons, after falling in the forenoon, zigzagged 
from side to side between 12 and 4 p.ai., and then 
commenced rising. The cotyledons of Lupinus luteiis 
are so thick (about ‘08 of an inch) and fleshy,' that 
they seemed little likely to move, and were there- 
fore observed with especial interest-; they certainly 
moved largely up and down, and as the line traced was 
zigzag there was some lateral movement. The nine 
cotyledons of a seedling Finm pinaster plainly circum- 
nutated ; and the figures described approached more 
nearly to irregular circles than to irregular ovals or 
ellipses. The sheath-like cotyledons of the Gra- 
mineaj circumnutate, that is, move to all sides, as 
plainly as do the hypocotyls or epicotyls of any dico- 
tyledonous plants. Lastly, the very young fronds of 
a Fern and of a Selaginella circummitated. 

In a large majority of the cases which were care- 
fully observed, the cotyledons sink a little downwards 
in the forenoon, and. rise a little in the afternoon or 
evening. They thus stand rather more highly inclined 
during the night than during the mid-day, at which 

» The cotyleitons, though bright *c , 1S77, p. 95), on the gradations 
green, resemble to n certain ex- in pie Leguniinnsm lutween sub- 
tent hypogeau ones; see the in- aerial and subterranean cotyle- 
teresting discussion by lluher- dons, 
laudt (‘Die Schutzeinrichtungen,’ 
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time they are expanded almost horizontally. The 
circumnutating movement is thus at least partially 
periodic, no doubt in connection, as we shall hereafter 
see, with the daily alternations of light and darkness. 
The cotyledons of several plants move up so much at 
night as to stand nearly or quite vertically ; and in 
this latter case they come into close contact with one 
another. On the other hand, the cotyledons of a 
few plants sink almost or quite vertically down at 
night ; and in this latter case they clasp the upper 
part of the hypocotyl. In the same genus Oxalis the 
cotyledons of certain species stand vertically up, and 
those of other species vertically down, at night. In 
all such cases the cotyledons may be said to sleep, 
for they act in the same manner as do the leaves of 
many sleeping plants. This is a movement for a 
special purpose, and will therefore be considered, in a 
future chapter devoted to this subject. 

In order to gain some rude notion of the proportional 
number of cases in which the cotyledons of dico- 
tyledonous plants (hypogean ones being of course 
excluded) changed their position in a conspicuous 
manner at night, one or more species in several 
genera were cursorily observed, besides those described 
in the last chapter. Altogether 153 genera, included 
in as many families as could be procured, were thus 
observed by us. The cotyledons were looked at in 
the middle of the day and again at night ; and those 
were noted as sleeping which stood either vertically 
or at an angle of at least 60’ above or beneath the 
horizon. Of such genera there were 26 ; and in 21 of 
them the cotyledons of some of the species rose, and 
in only 6 sank at night; and some of these latter 
cases are rather doubtful from causes to be explained 
in the chapter on the sleep of cotyledons. When 
6 
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cotyledons which at noon were nearly horizontal, stood 
at night at more than 20° and less than 60° above the 
horizon, they were recorded as “ plainly raised and 
of such genera there were 38. We did not meet with 
any distinct instances of cotyledons periodically sink- 
ing only a few degrees at night, although no doubt 
such occur. We have now accounted for 64 genera 
out of the 153, and there remain 89 in which the 
cotyledons did not change their position at night by 
as much as 20° — that is, in a conspicuous manner 
which could easily he detected by the unaided eye and 
by memory; hut it must not be inferred from this 
statement that these cotyledons did not move at all, 
for in several cases a rise of a few degrees was re- 
corded, when they were carefully observed. The 
number 89 might have been a little increased, for the 
cotyledons remained almost horizontal at night in 
some species in a few genera, for instance. Trifo- 
lium and Geranium, which are included amongst the 
sleepers, such genera might therefore have been added 
to the 89. Again, one species of Oxalis generally 
raised its cotyledons at night more than 20° and less 
than 60° above the horizon ; so that this genus might 
have been included under two heads. But as several 
species in the same genus were not often observed, 
such double entries have been avoided. 

In a future chapter it will be shown that the leaves 
of many plants* which do not sleep, rise a few degrees in 
the evening and during the early part of the night ; 
and it will be convenient to defer until then the 
consideration of the periodicity of the movements of 
cotyledons. 

On the Pulvini or Joints of Cotyledons . — With several 
of the seedlings described in this and the last chapter, 
the summit of the petiole is developed into a pulvinus, 
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Fig. 63. 



cushion, or joint (as this organ has been variously- 
called), like that with which many leaves are provided. 
It consists of a mass of small cells usually of a pale 
colour from the absence of chlorophyll, and with its 
outline more or less convex, as shown in the annexed 
iigure. In the case of Oxalis 
sensitiva two-thirds of the 
petiole, and in that of Mi- 
mosa fudica, apparently the 
whole of the short sub- 
petioles of the leaflets have 
been converted into pulvini. 

With pulvinated leaves (i.e. 
those provided with a pul- 
vinus) their periodical move- 
ments depend, according to 
Pfcffer,* on the cells of the 
pulvinus alternately expand- 
ing more quickly on one side 
than on the other; whereas 
the similar movements of ^ 
leaves not provided with pul- 
vini, depend on their growdh Oxalis ro 
being alternately more rapid 
on one side than on the 
other.f As long as a leaf 
provided with a pulvinus is 
young and continues to grow, 
its movement depends on both these causes combined 
and if the view now held by many botanists be sound, 
namely, that growth is always preceded by the expan- 
sion of the growing cells, then the diSerence between 
the movements induced by the aid of pulvini and 




ea ; longitudinal section 

of the petiole of a cotyledon, 
drawn with the camera lucida, 
magnified 75 times; p, p, pe- 
tiole ; /, fibro-vascular bundle ; 
6, b, commencement of blade of 
cotyledon. 



* ‘Die Perioilische Bewegun- t Batalin, ‘Flora,’ Oct. lat, 1873 . 
gen dor Blattorganc,’ 1875. % Pfeffer, ibid. p. 5. 
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without such aid, is reduced to the expansion of the 
cells not being followed by growth in the first case, 
and being so followed in the second case. 

Dots were made with Indian ink along the midrib 
of both pulvinated cotyledons of a rather old seedling 
of Oxalis Valdiviana ; their distances were repeatedly 
measured with an eye-piece micrometer during days, 
and they did not exhibit the least trace of increase. 
It is therefore almost certain that the pulvinus itself 
was not then growing. Nevertheless, during this 
whole time and for ten days afterwards, these coty- 
ledons rose vertically every night. In the case of 
some seedlings raised from seeds purchased under the 
name of Oxalis fiorihunda, the cotyledons continued 
for a long time to move vertically down at night, and 
the movement apparently depended exclusively on 
the pulvini, for their petioles were of nearly the same 
length in young, and in old seedlings which had pro- 
duced true leaves. With some species of Cassia, on 
the other hand, it was obvious without any measure- 
ment that the pulvinated cotyledons continued to 
increase greatly in length during some weeks ; so that 
here the expansion of the cells of the pulvini and the 
growth of the petiole were probably combined in 
causing their prolonged periodic movements. It was 
equally evident that the cotyledons of many plants, 
not provided with pulvini, increased rapidly in length ; 
and their periodic movements no doubt were exclu- 
sively due to growth. 

In accordance with the view that the periodic 
movements of all cotyledons depend primarily on' the 
expansion of the cells, whether or not followed by 
growth, we can understand the fact that there is but 
little difference in the kind or form of movement 
in the two sets of cases. This may be seen by com- 
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paring the diagrams given in the last chapter. Thus 
the movements of the cotyledons of Brassiea oleracea 
and of Ipomcea cserulea, which are not provided with 
pulvini, are as complex as those of Oxalis and Cassia 
which are thus provided. Tlie pulvinated cotyledons 
of some individuals of Mimosa pudica and Lotus 
Jacobteus made only a single oscillation, whilst those 
of other individuals moved twice up and down in the 
course of 24 hours ; so it was occasionally with the 
cotyledons of Cucurbita ovifera, which are destitute of 
a pulvinus. The movements of pulvinated cotyledons 
are generally larger in extent than those without a 
pulvinus; nevertheless some of the latter moved 
through an angle of 90’. There is, however, one 
important difference in the two sets of cases; the 
nocturnal movements of cotyledons without pulvini, 
for instance, those in the Crucifera?, Cucurbitacese, 
Githago, and Beta, never last even for a week, to any 
conspicuous degree. I’ulvinated cotyledons, on the 
other hand, continue to rise at night for a much 
longer period, even for more than a month, as we 
shall now show. But the period no doubt depends 
largely on the temperature to which the seedlings are 
exposed and their consequent rate of development. 

Oxalis Valdiviana.—Some cotyledons which had lately opened 
and were horizontal on March 6th at noon, stood at night ver- 
tically up ; on the 13th the first true leaf was formed, and was 
embraced at night by the cotyledons; on April 9th, after an in- 
terval of 35 days, six leaves were developed, and yet the coty- 
ledons rose almost vertically at night. The cotyledons of 
another seedling, which when first observed had already pro- 
duced a leaf, stood vertically at night and continued to do so for 
11 additional days. After 16 days from the fii-st observation 
two leaves were developed, and the cotyledons were still greatly 
raised at night. After 21 days the cotyledons during the day 
were deflected beneath the horizon, but at night were raised 45° 
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above it. After 21 days from the first observation (begun after 
a true leaf had been develojjed} the cotyledons ceased to rise at 
night. 

Uj alin {Dloi>lnjtum) The cotyledons of several seed- 

lings, 45 days after their first expansion, stood nearly vertical at 
night, and closely embraced either one or two true leaves which 
by this time had been formed. These seedlings had been kept 
ill a very warm house, and their development had been rapid. 

Oxalis cornictduta.—T\\e cotyledons do not stand vertical at 
night, but generally rise to an angle of about 45° above the 
hoi-izon. They continued thus to act for 23 days after their 
first expansion, by which time two leaves had been formed ; 
even after 29 days they still rose moderately above their hori- 
zontal or downwardly deflected diurnal position. 

Mimosa parficn.— The cotyledons were expanded for the first 
time on Nov. 2nd, and stood vertical at night. On the 15lh the 
first leaf w'as formed, and at night the cotyledons were vertical. 
On the 28tli they liehaved in the same manner. On Dec. 15th, 
that is after 44 days, the cotyledons were still considerably 
raised at night; but those of another seedling, only one day 
older, were raised very little. 

Mimosa albida.—K seedling was observed dm-ing only 12 days, 
by which time a leaf had been formed, and the cotyledons were 
then quite vertical at night. 

Trifolium suhttrraHeum.—A seedling, 8 days old, had its coty- 
ledons horizontal at 10.30 a.m. and vertical at 9.15 p.m. After an 
interval of two mouths, by which time the first and second true 
leaves had been developed, the cotyledons still performed the 
same movement. They had now increased greatly in size, and 
had become oval; and their |x;tioles were actually ‘8 of dn inch 
in length ! 

Tri/uliiim sfrictum.—Aiior 17 days the cotyledons still rose at 
night, but were not afterwards observed. 

Lotus Jacobmns . — The cotyledons of some seedlings having 
well-developed leaves rose to an angle of alx>ut 45° at night; 
and even after 3 or 4 whorls of leaves had been formed, the eo- 
tyledons rose at night considerably above their diurnal hori- 
zontal position. 

Cassia mimosoides . — The cotyledons of tliis Indian species, 
14 days after their first expansion, and when a leaf had been 
formed, stood during the day horizontal, and at night vertical. 

Cassia sp ? (a large S. Brazilian tree raised from seeds sent us 
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by F. Miillcr).— The cotyledons, after 16 days from their first 
expansion, had increased greatly in size with two leaves just 
formed. They stood horizontally during the day and vertically 
at night, but were not afterwards observed. 

Cassia negUcta (likewise a S. Brazilian species). — A seedling, 
34 days after the first expansion of its cotyledons, was between 3 
and 4 inches in height, with 3 well-developed leaves ; and the 
cotyledons, which during the day were nearly horizontal, at night 
stood vertical, closely embracing the young stem. The cotyle- 
dons of another seedling of the same age, 5 inches in height, 
with 4 well-developed leaves, behaved at night in exactly the 
same manner. 

It is known * that there is no diiference in structure 
between the upper and lower halves of the pulvini of 
leaves, suliident to account for their upward or down- 
w'ard movements. In this respeet cotyledons offer an 
unusally good opportunity for comparing the structure 
of the two halves ; for the cotyledons of Oxalis Valdi- 
viana rise vertically at night, whilst those of 0. rosea 
sink vertically ; yet when sections of their pulvini were 
made, no clear difference could be detected between the 
corresponding halves of this organ in the two species 
which move so differently. With 0. rosea, however, 
there were rather more cells in the lower than in the 
upper half, but this was likewise the case in one speci- 
men of 0. Valcliviana. The cotyledons of both species 
(3| mm. in length) were examined in the morning 
whilst extended horizontally, and the upper surface of 
the pulvinus of 0. rosea was then wrinkled transversely, 
showing that it w as in a state of compression, and this 
might have been expected as the cotyledons sink at 
night; with 0. Valdiviana it was the lower sm-faco 
which w'as wrinkled, and its cotyledons rise at night. 

Trifolium is a natural genus, and the leaves of all 



» Pfefifer, ‘ Die Period. Bewegungen,’ 1875, p. 157. 
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the species seen by us are pulvinated ; so it is with 
the cotyledons of T. sulterraneum and sMctum, which 
stand vertically at night ; whereas those of T. resupi- 
natum exhibit not a trace of a pulviuus, nor of any 
nocturnal movement. This was ascertained by mea- 
suring the distance between the tips of the cotyledons 
of four seedlings at mid-day and at night. In this 
species, however, as in the others, the first-formed leaf, 
wliich is simple or not trifoliate, rises up and sleeps 
like the terminal leaflet on a mature plant. 

In another natural genus, Oxalis, the cotyledons of 
0. Valdiviana, rosea, floribunda, articulata, and sensitiva 
are pulvinated, and all move at night into an upward 
or downward vertical position. In these several species 
the pulvinus is seated close to the blade of the coty- 
ledon, as is the usual rule with most plants. Oxedis cor- 
nicidata (var. Atro-pnrpurea) differs in several respects; 
the cotyledons rise at night to a very variable amount, 
rarely more than 45'’; and in one lot of seedlings 
(purchased under the name of 0. tropKoloides, but 
certainly belonging to the above variety) they rose 
only from 5’ to 15’ above the horizon. The pulvinus 
is developed imperfectly and to an extremely variable 
degree, so that a2)parently it is tending towards abor- 
tion. No such case has hitherto, we believe, been 
described. It is coloured green from its cells con- 
taining chlorophyll; and it is seated nearly in the 
middle of the petiole, instead of at the upper end as 
in all the other species. The nocturnal movement is 
effected partly by its aid, and partly by the growth of 
the upper jiart of the petiole as in the case of plants 
destitute of a jiulvinus. From these several reasons 
and from our having partially traced the develop- 
ment of the pulviuus from an early age, the ctise 
seems worth describing in some detail. 
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When the cotyledons of O. corniculata were dissected out of a 
seed from wliich they would soon have naturally emerged, no 
trace of a pulvinus could be detected ; and all the cells forming 
the short petiole, 7 in number in a longitudinal row, were of nearly 
equal size. In seedlings one or two days old, the pulvinus was 
so indistinct that wo thought at first that it did not exist ; but 
in the middle of the petiole an ill-defined transverse zone of cells 
could be seen, which were much shorter than those both above 
and below, although of the same breadth with them. They 
presented the appearance of having been just formed by the 
transverse division of longer cells ; and there can be little doubt 
that this had occurred, for the cells in the petiole which had. 



Fi?. 6+. 




Oxalis corniculata : A and B the almost rudimentary pulvini of the coty- 
ledons of two rather old seedlings, viewed as transparent objects. 
Magnified 50 times. 

been dissected out of the seed averaged in length 7 divisions 
of the micrometer (each division equalling -003 nim ), and were 
a little longer than those forming a well-developed pulvinus, 
which varied between 4 and 6 of these same divisions. After a 
few additional days the ill-defined zone of cells becomes distinct, 
and although it does not extend across the whole width of the 
petiole, and although the cells are of a green colour from contain- 
ing chlorophyll, yet they certainly constitute a pulvinus, which, 
as wo shall presently see, acts as one. These small cells were 
arranged in longitudinal rows, and varied from 4 to 7 in number ; 
and the eells themselves varied in length in different parts of the 
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same inilviuus and in different individuals. In the accompany- 
ing figures, A and B (Fig. 64), we have views of the ei)idermis * 
in the middle part of the petioles of two seedlings, in which the 
pulvinus was for this species well developed. They offer a 
striking contrast with tlie pulvmus of 0. rosea (see former 
Fig. 63), or of 0. Vuldiviaim. With the seedlings, falsely called 
0. troj.oeoloitles, the cotyledons of which rise very little at night, 
the small cells were still fewer in number and in parts formed 
a single transverse row, and in other parts short longitudinal 
rows of only two or tlmee. Nevertheless they sufficed to attract 
the eye, w'hen the whole petiole was viewed as a transparent 
object beneath the microscope. In these seedlings there could 
hardly be a doubt that the pulvinus was becoming rudimentary 
and tending to disappear; and this accounts for its great 
variability in structure and function. 

In the following Table some measurements of the cells in 
fairly well-developed puMni of 0. corniculata are given 

Seedling 1 day old, with cotyledon 2 3 tnm. in length. 

Divisions of 
Micrometer.t 

Average length of cells of pulvinus 6 to 7 

Length of longest cell below the pulvinus 13 

Length of longest cell above the pulvinus 20 

Seedling 5 d lys old, cotyledon 3-1 mm. in length, wi h the pulvmus 
quite distinct. 

Average length of cells of pulvinus 6 

Length of longest cell below the pulvinus 22 

Length of longest cell above the pulvinus 40 

Seedling 8 days old, cotyledon .3 mm. in length, with a true leaf 
fanned but not yet expanded. 

Average length of cells of pulvinus 9 

Length of longest cell below the pulvinus 44 

Length of longest cell above the pulvinus 70 

Seedling 13 days old, cotyledon 4 5 mm. in length, with a sm ill 
true leaf fully developed. 

Average length of cells of pulvinus ; 7 

Length of longest cell below the pulvinus 30 

Length of longest cell above the pulvinus tO 



♦ Longitudinal sections show pulvinus. 
that the forms of the epidermic f Each division equalled '003 
Cells may he taken ns a fair repre- mm. 
sentation of those constituting the 
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Wc litre see that the cells of the piilvinus increase but little 
in length with advancing age, in comparison with those of the 
petiole both above and below it ; but they continue to grow in 
width, and keep equal in this respect with the other cells of 
the petiole. The rate of growth, however, varies in all parts 
of the cotyledons, as may be observed in the measurements of 
the 8-days’ old seedling. 

The cotyledons of seedlings only a day old rise at night con- 
siderably, sometimes as much as afterwards; but there was 
much variation in this respect. As the pulvinus is so indistinct 
at first, the movement probably does not then deiiend on the 
expansion of its cells, but on periodically unequal growth in 
the petiole. By the comparison of seedlings of different known 
ages, it was evident that the chief seat of growth of the petiole 
was in the upper part between the pulvinus and the blade; 
and this agrees with the fact (shown in the measurements above 
given) that the cells grow to a greater length in the upper than 
in the lower part. With a seedling 11 days old, the nocturnal 
rise was found to depend largely on the action of the pulvinus, 
for the petiole at night was curved upwards at this point; and 
during the day, whilst the petiole was horizontal, the -lower 
surface of the pulvinus was wrinkled with the upper surface 
tense. Although the cotyledons at an advanced age do not rise 
at night to a higher inclination than whilst young, yet they have 
to pass through a larger angle (in one instance amounting to 
63°) to gain their nocturnal position, as they are generally 
deflected beneath the horizon during the day. Even with the 
11-days’ old seedling the movement did not depend exclusively 
on the pulvinus, for the blade where joined to the petiole was 
curved upwards, and tliis must be attributed to unequal growth. 
Therefore the periodic movements of the cotyledons of 0. corni- 
culala depend on two distinct but conjoint actions, namely, the 
expansion of the cells of the pulvinus and on the growth of 
the upixir part of the petiole, including the base of the blade. 

J.ultis Jacolceiis . — 'The seedlings of this plant present a case 
parallel to that of Oxalis cornicidata in some respects, and in 
others unique, as far as we have seen. The cotyledons during 
the first 4 or 5 days of their life do not exhibit any plain noc- 
turnal movement ; but afterwards they stand vertically or 
almost vertically up at night. There is, however, some degree of 
variability fn this respect, apparently dependent on the season 
and on the degree to which they have been illuminated dui-ing 
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the day. With older seedlings, having cotyledons 4 mm. in 
length, -which rise considerably at night, there is a well -deve- 
loped pulvinus close to the blade, colourless, and rather nar- 
rower than the rest of the petiole, from which it is abruptly 
separated. It is formed of a mass of small cells of an average 
length of -021 mm. ; whereas the cells in the lower part of the 
petiole are about '06 mm., and those in the blade from -034 to 
•04 mm. in length. The epidermic cells in the lower part of the 
petiole project conically, and thus differ in shape from those 
over the pulvinus. 

Turning now to very young seedlings, the cotyledons of which 
do not rise at night and are only from 2 to 2J mm. in length, 
their petioles do not exhibit any defined zone of small cells, 
destitute of chlorophyll and difl'oring in shape exteriorly from 
the lower ones. Nevertheless, the cells at the place where a 
pulvinus will afterwards be developed are smaller (being on an 
average '015 mm. in length) than those in the lower parts of 
the same petiole, which gradually become larger in proceeding 
downwards, the largest being -030 mm. in length. At this eai-ly 
age the cells of the blade are about -027 mm. in length. We 
thus see that the pulvinus is formed by the cells in the upper- 
most part of the petiole, continuing for only a short time to 
increase in length, then being arrested in their growth, accom- 
panied by the loss of their chlorophyll grains ; whilst the cells 
in the lower part of the petiole continue for a long time to 
increase in length, those of the epidermis becoming more conical. 
The singular fact of the cotyledons of this plant not sleeping at 
first is therefore due to the pulvinus not being developed at an 
early ago. 

We learn from those two cases of Lotus and Oxali.s, 
that the development of a pulvinus follows from the 
growth of the cells over a small defined space of the 
petiole being almost arrested at an early age. With 
Lotus Jacobmis the cells at first increase a little in 
length ; in Oxalis corniciilata they decrease a little, 
owing to self-division. A mass of such small cells 
forming a pulvinus, might therefore be either acquired 
or lost without any special difficulty, by difierent 
species in the same natural genus : and we know that 
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with seedlings of Trifolhim, Lotus, and Oxalis some of 
the species have a well-developed pulvinus, and others 
have none, or one in a rudimentary condition. As the 
movements caused by the alternate turgescehce of 
the cells in the two halves of a pulvinus, must be 
largely determined by the extensibility and subse- 
quent contraction of their w'alls, we can perhaps under- 
stand why a large number of small cells will be more 
efficient than a small number of large cells occupying 
tlie same space. As a pulvinus is formed by the 
arrestment of the growth of its cells, movements de- 
pendent on their action may be long-continued without 
any increase in length of the part thus provided ; 
and such long-continued movements seem to be one 
chief end gained by the development of a pulvinus. 
Long-continued movement would be impossible in any 
part, without an inordinate increase in its length, if the 
turgescence of the cells was always followed by growth. 

Disturhance of the Periodic Movements of Cotyledons by 
Light . — The hypocotyls and cotyledons of most seed- 
ling plants are, as is well known, extremely heliotropic ; 
but cotyledons, besides Jbeing heliotropic, are affected 
paratonically (to use Sachs’ expression) by light ; that 
is, their daily periodic movements are greatly and 
quickly disturbed by changes in its intensity or by 
its absence. It is not that they cease to circumnutate 
in darkness, for in all the many cases observed by us 
they continued to do so; but the normal order of 
their movements in relation to the alternations of day 
and night is much disturbed or quite annulled. This 
holds good with species the cotyledons of which rise 
or sink so much at night that they may be said to 
sleep, as well as with others which rise only a little. 
But different species are affected in very different 
degrees by changes in the light. 
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For instance, the cotjiedons of Beta vulgaris, Solarium lycoper- 
sicum, Cerinthe major, and Lvpinus luteus, when placed in dark- 
ness, moTcd down during the afternoon and early night, instead 
of rising as they would have done if they had been exposed to 
the light. All the individuals of the Solanum did not behave 
in the same manner, for the cotyledons of one circiunnutated 
about the same spot between 2.30 and 10 p.m. The cotyledons 
of a seedling of Uxalis corniculata, which was feebly illuminated 
from above, moved downwards during the first morning in the 
normal manner, but on the second morning it moved u])wards. 
The cotyledons of Lotus Jacolxeus were not affected by 4 h. of 
complete darkness, but when placed under a double skylight 
and thus feebly illuminated, they quite lost their periodical 
movements on the third morning. On the other hand, the 
cotyledons of Cucurbita ovifera moved in the nonnal manner 
during a whole day in dai'kness. 

Seedlings of Githago segetum were feebly illuminated from 
above in the morning before their cotyledons had expanded, and 
they remained closed for the next 40 h. Other seedlings were 
placed in the dark after their cotyledons had opened in the 
morning and these did not begin to close until about 4 h. had 
elapsed. The cotyledons of Oxulis rosea sank vertically down- 
wards after being left for 1 h. 20 m. in darkness ; but those of 
some other species of Oxalis were not affected by several hours 
of darkness. The cotyledons of several species of Cassia are 
eminently su.sceptible to changes in the degree of light to which 
they are exposed : thus seedlings of an unnamed S. Brazilian 
species (a large and beautiful tree) were brought out of the hot- 
house and placed on a table in the middle of a room with two 
north-east and one north-west w’indow, so that they were fairly 
well illuminated, though of course less so than in the hot-house, 
the day being moderately bright ; and after 36 m. the cotyledons 
which had been horizontal rose up vertically and closed together 
as when asleep ; after thus remaining on the table for 1 h. 13 m. 
they began to open. The cotyledons of young seedlings of another 
Brazilian species and of C. neglecta, treated in the same manner, 
behaved similarly, excepting that they did not rise up quite so 
much ; they again became horizontal after about an hour. 

Here is a more interesting case : seedlings of Cassia tora in 
two pots, which had stood for some time on the table in the 
room just described, had their cotyledons horizontal. One pot 
was now exposed for 2 h. to dull sunshine, and the cotyledons 
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remained horizontal ; it was then brought back to the table, and 
after 50 m. the cotyledons had risen C8° above the horizon. 
The other pot was placed during the same 2 h. behind a screen 
in the room, where the light was very obscure, and the cotyledons 
rose 63° above the horizon ; the pot was then replaced on the 
table, and after 50 m. the cotyledons had fallen 33°. These two 
pots with seedlings of the same age stood close together, and 
were exposed to exactly the same amount of light, yet the coty- 
ledons in the one pot were rising, whilst those in the other 
pot were at the same time sinking. This fact illustrates in a 
striking manner thiit their movements are not governed by the 
actual amount, but by a change in the intensity or degree of 
the light. A similar experiment was tried with two sets of seed- 
lings, both exposed to a dull light, but different in degree, and 
the result was the same. The movements of the cotyledons of this 
Cassia are, howevei*, determined (as in many other cases) largely 
by habit or inheritance, independently of light; for seedlings 
which had been moderately illuminated during the day, were 
kept all night and on the following morning in complete dark- 
ness ; yet the cotyledons were partially open in the morning 
and remained open in the dark for about 6 h. The cotyjedons 
in another pot, similarly treated on another occasion, were open 
at 7 A.Ji. and remained open in the dark for 4 h. 30 m., after 
which time they began to close. Y'et these same seedlings, when 
brought in the middle of the day from a moderately bright 
into only a moderately dull light raised, as we have seen, their 
cotyledons high above the horizon. 

Sensitiveness of Cotyledons to contact . — This subject does not 
possess much interest, as it is not known that sensitiveness of this 
kind is of any service to seedling plants. We have observed cases 
in only four genera, though we have vainly observed the coty- 
ledons of many others. The genus Cassia seems to be pre-eminent 
in this respect : thus, the cotyledons of C. torn, when extended 
horizontally, were both lightly tapped with a very thin twig for 
3 m., and in the course of a few minutes they formed together 
an angle of 90°, so that each had risen 45°. A single cotyledon 
of another seedling was tapped in a like manner for 1 m., and it 
rose 27° in 9 m. ; and after eight additional minutes it had risen 
10° more ; the opposite cotyledon, which was not tapped, hardly 
moved at all. The cotyledons in all these ca.ses became hori- 
zontal again in less than half an hour. The pulvinus is the most 
sensitive part, for on slightly pricking three cotyledons with a 
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pin in this part, they rose np vertically ; but the blade was found 
also to be sensitive, care having been taken that the pulvinus 
was not touched. Drops of water placed quietly on these coty- 
ledons produced no effect, but an extremely fine stream of water, 
ejected from a syringe, caused them to move upwards. When 
a pot of seedUngs was rapidly hit with a stick and thus jarred, 
the cotyledons rose slightly. When a minute drop of nitric 
acid was placed on both pulvini of a seedling, the cotyledons 
rose so quickly that they could easily be seen to move, and 
almost immediately afterwards they began to fall; but the 
pulvini had been killed and became brown. 

The cotyledons of an unnamed species of Cassia (a large tree 
from S. Brazil) rose 31° in the course of 26 m. after the pulvini 
and the blades had both been rubbed during Im. with a twig; 
but when the blade alone was similarly rubbed the cotyledons 
rose only 8°. The remarkably long and narrow, cotyledons, of a 
third unnamed species from S. Brazil, did not move when their 
blades were rubbed on six occasions with a pointed stick for 
30 s. or for 1 m. ; but when the pulvinus was rubbed and slightly 
pricked with a pin, the cotyledons ro.se in the course of a few 
minutes through an angle of 60°. Several cotyledons of 
C. neyhcta (likewise from S. Brazil) rose in from 5 m. to 15 m. to 
various angles between 16° and 34°, after being rubbed during 
1 m. with a twig. Their sensitiveness is retained to a somewhat 
advanced age, for the cotyledons of a little plant of C. veglecta, 
34 days old and bearing three true leaves, rose when lightly 
pinched between the finger and thumb. Some seedlings were 
exposed for 30 m. to a wind (temp. 50° F.) sufficiently strong to 
keep the cotyledons vibrating, but this to our surprise did not 
cause any movement. The cotyledons of four seedlings of the 
Indian C. (/f./u< a were either rubbed with a thin twdg for 2 m. or 
were lightly pinched : one rose 34° ; a second only 6° ; a third 
13°; and a fourth 17°. A cotyledon of C. florida similarly 
treated rose 9° ; one of C. corymhosa rose 7i°, and one of the 
very distinct C. mimosoides only 6°. Those of C. puhescens did 
not appear to l>e in the least sensitive ; nor were those of C. 
v'dosa, but these latter are rather thick and fleshy, and do not 
rise at night or go to sleep. 

Smithia sensitiva. —This plant belongs to a distinct sulvorder of 
the LeguminosEB from Cassia. Both cotyledons of an oldish 
seedling, with the first true leaf partially imfolded, were rubbed 
for 1 m. with a fine twig, and in 5 m. each rose 32°; they 
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remained iu this position for 15 m., but when looked at again 
40 m. after the rubbing, each had fallen 14°. Both cotyledons of 
another and younger seedling were lightly rubbed in the same 
manner for 1 m., and after an interval of 32 m. each had risen 
30°. They were hardly at all sensitive to a fine jet of water. 
The cotyledons of S. Ffandii, an African water plant, are thick 
and fleshy ; they are not sensitive and do not go to sleep. 

Mimosa pudka and atbida . — The blades of several cotyledons 
of both these plants were rubbed or slightly scratched with a 
needle during 1 m. or 2 m. ; but they did not move in the least. 
When, however, the pulvini of six cotyledons of M. pudka were 
thus scratched, two of them were slightly raised. In these two 
cases perhaps the pulvinus was accidentally pricked, for on 
pricking the pulvinus of another cotyledon it rose a little. It 
thus appears that the cotyledons of Mimosa are less sensitive 
than those of the previously mentioned plants.* 

Oxalis seusiliu'i. — The blades and pulvini of two cotyledons, 
standing horizontally, were rubbed or rather tickled for 30 s. 
with a fine split bristle, and in 10 m. each had risen 48°; 
when looked at again in 35 m. after being rubbed they had 
risen 4° more ; after 30 additional minutes they were agaiirhori- 
zontal. On hitting a pot rapidly with a stick for 1 m., the coty- 
ledons of two seedlings were considerably raised in the course 
of 11 m. A pot was carried a little distance on a tray and thus 
jolted ; and the cotyledons of four seedlings were all raised in 
10 m. ; after 17 m. one had risen 56°, a second 45°, a third almost 
90°, and a fourth 90°. After an additional interval of 40 m. three 
of them had re-expanded to a considerable extent. These obser- 
vations were made before we were aware at what an extraordi- 
narily rapid rate the cotyledons circumnutate, and are therefore 
liable to error. Nevertheless it is extremely improbable that the 
cotyledons in the eight cases given, should all have been rising 
at the time when they were irritated. The cotyledons of Oxalis 
Valdiviana and rosea .were rubbed and did not exhibit any 
sensitiveness. 

Finally, there seems to exist some relation between 



♦ The sole notice which we p. 865), “les cotyledons da M 

have met with on the sensitive- pudka tendent a se raprocher par 

ness of cotyledons, relates to Mi- lours faces superieurcs lorscju’on 
mosa : for Au". P. De Candolle les irrite.’’ 
says (‘ Phys. V^g.,’ 1832, tom. ii 
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the habit of cotyledons rising vertically at night or 
going to sleep, and their sensitiveness, especially that 
of their })ulvini, to a touch ; for all the above-named 
plants sleep at night. On the other hand, there are 
many plants the cotyledons of which sleep, and are 
not in the least sensitive. As the cotyledons of 
several species of Cassia are easily affected both by 
slightly diminished light and by contact, we tliought 
that these two kinds of sensitiveness might be con- 
nected ; but this is not necessarily the case, for the 
cotyledons of Oxalis sensitiva did not rise when kept 
on one occasion for h., and on a second occasion 
for nearly 4 h., in a dark closet. Some other coty- 
ledons, as those of Githago segetum, are much affected 
by a feeble light, but do not move when scratched by 
a needle. That with the same plant there is some 
relation between the sensitiveness of its cotyledons 
and leaves seems highly probable, for the above de- 
scribed Smithia and Oxalis have been called sensitiva, 
owing to their leaves being sensitive ; and though the 
leaA'es of the several species of Cassia are not sensitive 
to a touch, yet if a branch be shaken or syringed 
with water, they partially assume their nocturnal de- 
pendent position. But the relation between the sen- 
sitiveness to contact of the cotyledons and of the 
leaves of the same plant is not very close, as may be 
inferred from the cotyledons of Mimosa pudica being 
only slightly sensitive, whilst the leaves are well 
known to bo so in the highest degree. Again, the 
leaves of Neptunia oleracea are very sensitive to a 
touch, whilst the cotyledons do not appear to be so in 
any degree. 
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CHAPTER III. 

Sensitiveness op the Apex op the Radicle to Contact and to 
OTBE n Ibuitants. 

Manner iu which radicles bend when they encounter an obstacle in 
the soil — Vicia fuba, tips of radicles highly sensitive to contact 
and other irritants— Effects of too high a temperature— Power of 
discriminating between objects attached on opposite sides — Tips of 
secondary radicles sensitive — Pisum, tips of radicles sensitive — 
Effects of such sensitiveness in overcoming geotropism— Secondary 
radicles — Phaseolns, tips of radicles hardly sensitive to contact 
but highly sensitive to caustic and to the removal of a slice — Tro- 
pmolum — Gossypium— Cucurhita — Raphanus — ASsculus, tip not 
sensitive to slight contact, highly sensitive to caustic — Quercus, 
tip highly sensitive to contact — Power of discrimination-.eZea 
tip highly sensitive, secondary radicles— Sensitiveness of radicles 
to moist air — Summary of chapter. 

In order to see how the radicles of seedlings would 
pass over stones, roots, and other obstacles, which they 
must incessantly encounter in the soil, germinating 
beans {Vieia faba) were so placed that the tips of the 
radicles came into contact, almost rectangularly or 
at a high angle, with underlying plates of glass. In 
other cases the beans were turned about whilst their 
radicles were growing, so that they descended nearly 
vertically on their own smootli, almost flat, broad upper 
surfaces. The delicate root-cap, when it first touched 
any directly opposing surface, was a little flattened 
transversely ; the flattening soon became oblique, and 
iu a few hours quite disappeared, tlie apex now point- 
ing at right angles, or at nearly right angles, to its 
former course. The radicle then seemed to glide in 
its new direction over the surface which hud opposed 
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it, pressing on it with very little force. How far such 
abrupt changes in its former course are aided by the 
circumnutation of the tip must be left doubtful. Thin 
slips of wood were cemented on more or less steeply 
inclined glass-plates, at right angles to the radicles 
which were gliding down them. Straight lines had 
been painted along the growing terminal part of some 
of these radicles, before they met the opposing slip 
of wood ; and the lines became sensibly curved in 2 h. 
after the apex had come into contact with the slips. 
In one case of a radicle, which was growing rather 
slowly, the root-cap, after encountering a rough slip 
of wood at right angles, was at first slightly flat- 
tened transversely : after an interval of 2 h. 30 m. 
the flattening became oblique ; and after an addi- 
tional 3 hours the flattening had wholly disappeared, 
and the apex now pointed at right angles to its former 
course. It then continued to grow in its new direc- 
tion alongside the slip of wood, until it came to the 
end of it, round which it bent rectangularly. Soon 
afterwards when coming to the edge of the plate of 
glass, it was again bent at a large angle, and de- 
scended perpendicularly into the damp sand. 

When, as in the above cases, radicles encountered 
an obstacle at right angles to their course, the terminal 
growing part became curved for a length of between 
•3 and -4 of an inch (8-10 mm.), measured from the 
apex. This was well shown by the black lines which 
had been previously painted on them. The first and 
most obvious explanation of the curvature is, that it 
results merely from the mechanical resistance to the 
growth of the radicle in its original direction. Never- 
theless, this explanation did not seem to us satisfactory. 
The radicles did not present the appearance of having 
been subjected to a sufficient pressure to account for 
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tlieir curvature ; and Sachs has shown * that the 
growing part is more rigid than the part immediately 
above which has ceased to grow, so that the latter 
might have been expected to yield and become curved 
as soon as the apex encountered an unyielding object ; 
whereas it was the stiff growing part which became 
curved. Moreover, an object which yields with the 
greatest ease will deflect a radicle ; thus, as we have 
seen, when the apex of the radicle of the bean 
encountered the polished surface of extremely thin 
tin-foil laid on soft sand, no impression was left on it 
yet the radicle became deflected at right angles. A 
second explanation occurred to us, namely, that even 
the gentlest pressure might check the growth of the 
apex, and in this case growth could continue only on 
one side, and thus thf radicle would assume a rectan- 
gular form ; but this view leaves wholly unexplained 
the curvature of the upper part, extending for a length 
of 8-10 mm. 

We were therefore led to suspect that the apex 
was sensitive to contact, and that an effect was trans- 
mitted from it to the upper part of the radicle, which 
was thus excited to bend away from the touching object. 
As a little loop of fine thread hung on a tendril or 
on the petiole of a leaf-climbing plant, causes it to 
bend, we thought that any small hard object affixed 
to the tip of a radicle, freely suspended and growing 
in damp air, might cause it to bend, if it were sensitive, 
and yet would not offer any mechanical resistance to 
its growth. Full details w ill be given of the experi- 
ments which were tried, as the result proved remark- 
able. The fact of the apex of a radicle being sensitive 
to contact has never been observed, though, as we shall 
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hereafter see, Saebs discovered that the radicle a little 
above the apex is sensitive, and bends like a tendril 
towards the touching object. But when one side of the 
apex is pressed by any object, the growing part bends 
away from the object; and this seems a beautiful 
adaptation for avoiding obstacles in the soil, and, as 
we shall see, for following the lines of least resistance, 
lilany organs, when touched, bend in one fixed direc- 
tion, such as the stamens of Berboris, the lobes of 
Diimaja, ^c. ; and many organs, such as tendrils, whe- 
ther modified leaves or tlower-peduncles, and some few 
stems, bend towards a touching object ; but no case, 
we believe, is known of an organ bending away from 
a touching object. 

Sensitiveness of the Apex of the Jladicle of Vicki fala. 

Common beans, after being soaked in water for 24 h., 

were pinned with the hilum downwards (in the manner 
followed by Sachs), inside the cork lids of glass-vessels, 
which were half filled with water ; the sides and the 
cork were well moistened, and light was excluded. 
As soon as the beans had protruded radicles, some to a 
leno-th of less than a tenth of an inch, and others to 
a length of several tenths, little squares or oblongs of 
card were affixed to the short sloping sides of their 
conical tips. The squares therefore adhered obliquely 
with reference to the longitudinal axis of the radicle ; 
and this is a very necessary precaution, for if the bits 
of card accidentally became displaced, or were drawn 
by the viscid matter employed, so as to adhere parallel 
to the side of the radicle, although only a little way 
above the conical apex, the radicle did not bend in 
the peculiar manner which we are here considering. 
Squares of about the i/yth of an inch (i.e. about 14 mm.), 
or oblong bits of nearly the same size, were found to 
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be the most conyenient and effective. We employed 
at first ordinary thin card, such as visiting cards, or- 
bits of very thin glass, and various other objects ; but 
afterwards sand-paper was chiefly employed, for it was 
almost as stiff as thin card, and the roughened surface 
favoured its adhesion. At first we generally used very 
thick gum-water ; and this of course, under the cir- 
cumstances, never dried in the least ; on the contrary, 
it sometimes seemed to absorb vapour, so that the bits 
of card became separated by a layer of fluid from the 
tip. When there was no such absorption and the card 
was not displaced, it acted well and caused the radicle 
to bend to the opposite side. I should state that 
thick gum-water by itself induces no action. In most 
cases the bits of card were touched with an extremely 
small quantity of a solution of shellac in spirits of 
wine, which had been left to evaporate until it ,was 
thick ; it then set hard in a few seconds, and fixed the 
bits of card well. When small drops of the shellac 
were placed on the tips without any card, they set into 
hard little beads, and these acted like any other hard 
object, causing the radicles to bend to the opposite 
side. Even extremely minute beads of the shellac 
occasionally acted in a slight degree, as will hereafter 
be described. But that it was the cards which chiefly 
acted in our many trials, was proved by coating one 
side of the tip with a little bit of goldbeaters’ skin 
(which by itself hardly acts), and then fixing a bit of 
card to the skin with shellac which never came into 
contact with the radicle : nevertheless the radicle bent 
away from the attached card in the ordinary manner. 

Some preliminary trials were made, presently to 
be described, by which the proper temperature was 
determined, and then the following experiments were 
made. It should be premised that the beans were 
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always fixed to tlie cork-lids, for the convenience of 
manipulation, with the edge from which the radicle 
and plumule protrudes, outwards ; and it must be 
remembered that owing to what we have called Sachs’ 
curvature, the radicles, instead of growing perpendi- 
cularly downwards, often bend somewhat, even as much 



Fig. 65. 



B. C. 




Ttcta faha : A, radicle beginning to bend from the attached little square 
of card ; B, bent at a rectangle ; C, bent into a circle or loop, with the 
tip beginning to bend downwards through the action of geotropism. 



as about 45° inwards, or under the suspended bean. 
Therefore when a square of eard was fixed to the apex 
in front, the bowdng induced by it coincided with Sachs’ 
curvature, and could be distinguished from it only by 
being more strongly pronounced or by occurring more 
quickly. To avoid this source of doubt, the squares 
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were fixed either behind, causing a curvature in direct 
opposition to that of Sachs’, or more coniinonly to the 
ri'^ht or left sides. For the sake of brevity, we will 
speak of the bits of card, &c., as fixed in front, or 
behind, or laterally. As the chief curvature of the 
radicle is at a little distance from the apex, and as 
the extreme terminal and basal portions are nearly 
straight, it is possible to estimate in a rough manner 
the amount of curvature by an angle ; and when it is 
said that the radicle became deflected at any angle 
from the perpendicular, this implies that the apex was 
turned upwards by so many degrees from the down- 
ward direction which it would naturally have followed, 
and to the side opposite to that to which the card w-as 
affixed. That the reader may liave a clear idea of the 
kind of movement excited by the bits of attach<!d 
card, we appcird here accurate sketches of three ger- 
minating beans thus treated, and selected out of 
several speiumens to show the gradations in the 
degrees of curvature. We will now give in detail a 
scries of experiments, and afterwards a summary of 
the results. 

In tlie first 12 trials, little squares or oblongs of sanded card, 
1'8 mm. in length, and 1'5 or only 0'9 mm. in breadth (i.e. '071 
ot an inch in length and '059 or '035 of an inch in breadth) were 
fixed with shellac to the tips of the radicles. In the subsequent 
trials the little squares were only occasionally measured, but 
wore of about the same size. 

(1.) A young radicle. 4 mm. in length, had a card fixed be- 
hind : after 9 h. deflected in the plane in which the bean is 
flattened, 50° from the perpendicular and from the card, and m 
opposition to Sachs’ curvature : no change next morning, 23 h. 
from the time of attachment. 

(2) Radicle 55 mm. in length, card fixed behind: after 9h. 
deflected in the plane of the l>ean 20° from the perpendicular 
and from the card, and in opposition to Sachs’ curvature : after 
23 h. no change. 
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(3.) Eadicle 11 mm. in length, card fixed behind : after 9 h. 
deflected in the plane of the bean 40° from the perpendicular 
and from the card, and in opposition to Sachs’ cuTTature. The 
tip of the radicle more curved than the upper part, but in the 
same plane. After 23 h. the extreme tip was slightly bent to- 
wards the card ; the general curvature of the radicle remaining 
the same. 

(4.) Eadicle 9 mm. long, card fixed behind and a little 
laterally: after 9h. deflected in the plane of the bean only 
about 7° or 8° from the perpendicular and fi-om the card, in 
opposition to Sachs’ curvature. There was in addition a slight 
lateral curvature directed partly from the card. After 23 h. no 
change. 

(5.) Eadicle 8 mm. long, card affixed almost laterally : after 
9 h. deflected 30° from the perpendicular, in the plane of the 
bean and in opposition to Sachs’ curvature ; also deflected in a 
plane at right angles to the above one, 20° from the perpen- 
dicular : after 23 h. no change. 

(6.) Eadicle 9 mm, long, card affixed in front : after 9 h. de- 
flected in. the plane of the bean about 40° from the vertical, 
away from the card and in the direction of Sachs’ curvature. 
Here therefore we have no evidence of the card being the 
cause of the deflection, except that a radicle never moves 
spontaneously, as far as we have seen, as much as 40° in the 
course of 9 h. After 23 h. no change. 

(7.) Eadicle 7 mm. long, card affixed to the back : after 9 h. 
the terminal part of the radicle deflected in the plane of the 
bean 20° from the vertical, away from the card and in opposition 
to Sachs’ curvature. After 22 h. 30 m. this part of the radicle 
had become straight. 

(8.) Eadicle 12 mm. long, card affixed almost laterally : after 
9 h. deflected laterally in a plane at right angles to that of the 
bean between 40° and 50° from the vertical and from the card. 
In the plane of the bean itself the deflection amounted to 8° or 
9° from the vertical and from the card, in opposition to Sachs’ 
curvature. After 22 h. 30 m. the extreme tip had become 
slightly curved towards the card. 

(9.) Card fixed laterally : after 11 h. 30 m. no effect, the 
radicle being still almost vertical. 

(10.) Card fixed almost laterally : after 11 h. 30 m. deflected 
90° from the vertical and from the card, in a plane inter- 
mediate between that of the bean itself and one at right 
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anples to it. Radicle consequently partially deflccfe<l from 
Sachs’ curraturc. 

(11.) Tip of radicle protected with poldbcaters’ skin, with a 
square of card of the usual dimensions affixed with shellac : 
after 11 h. Brcatly deflected in the plane of the bean, in the 
direction of Sachs’ curvature, but to a much greater degree and 
in less time than ever occurs spontaneously. 

(12.) Tip of radicle protected ns in last ca.se: after 11 h. no 
etfect, but after 21 h. 40 m. radicle clearly deflected from the 
card. This slow action was probably due to a portion of the 
goldbeaters’ skin having curled round and lightly touche<l the 
opposite side of the tip and thus irritate*! it. 

(13.) A ratlicle of considerable length had a small square of 
card fixe*! with shellac to its apex laterally : after only 7 h. 15 m. 
a length of 4 of an inch from the ajiex, mea.sured along the 
middle, was considerably curved from the side bearing the card. 

(14.) Case like the last in all respects, except that a length of 
only '25 of an inch of the radicle was thus dcflcctcil. 

(15.) A small square of card fixed with shellac to the ajiex of 
a young radicle ; after 9 h. 15 m. deflected through 9(f from the 
perpemlicular and from the card. After 24 h. deflection iltnch 
decreased, and after au additional day, reduced to 23° from the 
perpendicular. 

(10.) Square of card fixed with shellac l)chind the ajicx of a 
radicle, which from its position having l>cen changed during 
growth had become very crooked; but the terminal portion 
was straight,. and this became deflected to al>out 45° from 
the perpendicular and from the card, in opposition to Sachs’ 
curvature. 

(17.) Square of card affixed with shellac : after 8 h. radicle 
curved at right angles from the perpendicular and from the 
card. After 15 additional hours curvature much decreased. 

(18.) Square of card affi.xed with shellac: after 8h. no effect; 
after 23 h. 3 m. from time of affixing, radicle mnch curved from 
the square. 

(19.) Square of card affixed with shellac : after 24 h. no effect, 
but the radicle had not grown well and seemed sickly. 

(20.) Square of car*! affixed with shellac : after 24 h. no effect 

(21, 22.) S*inares of card affixed with shellac: after 24 h. 
radicles of both curved at a!)out 45° from the pcri)cn*!iculur and 
from the cards. 

(23.) Square of card fixed with shellac to young radicle : afler 
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9 h. very slightly curved from the card ; after 24 h. tip curved 
towards card. Eefixed new square laterally, alter 9 h. distinctly 
curved from the card, and after 24 h. curved at right angles from 
the perpendicular and from the card. 

(24 ) A rather large oblong piece of card fixed with shellac to 
apex; after 24 h. no effect, hut the card was found not to be 
touching the apex. A small square was now refixed with 
shellac ; alter 16 h. slight deflection from the perpendicular 
and from the card. After an additional day the radicle became 
almost straight. 

(25.) Square of c.ard fixed laterally to apex of young radicle; 
after 9h. deflection from the perpendicular considerable; after 
24 h. deflection reduced. Refixed a frc.sh square with shellac : 
after 24 h. deflection about 40° from the perpendicular and from 
the card. 

(26.) A very smalt s<iuare of card fixed with shellac to apex of 
young radicle : after 9 h. the deflection from the perpendicular 
and from the card amounted to nearly a right angle ; after 24 h. 
deflection much reduced ; after an additional 24 h. radicle almost 
straight. 

(27.) Square of card fixed with shellac to apex of young 
radicle ; after 9 h. deflection from the card and from the perpen- 
dicular a right angle ; next morning quite straight. Refixed 
a square laterally with shellac ; after 9 h. a little deflection, 
which after 24 h. increased to nearly 20° from the perpendicular 
and from the card. 

(23.) Square of card fixed with shellac; after 9 h. some 
dfiflection ; next morning the card droijped off ; refixed it with 
shellac ; it again became loose and was refixed ; and now on tho 
third trial the radicle was deflected after 14 h. at right angles 
from the card. 

(29.) A small square of card was first fixed with thick gum- 
water to the apex. It produced a slight effect but soon fell 
off. A similar square was now affixed laterally with shellac : 
after 9 h. the radicle was deflected nearly 45° from the perpen- 
dicidar and from the card. After 36 additional hours angle of 
deflection reduced to about 30°. 

(30.) A very small piece, less than ^th of an inch square, of 
thin tin-foil fixed with shellac to the apex of, a young radicle ; 
after 24 h. no effect. Tin-foil removed, and a small square of 
sanded card fixed with shellac ; after 9 h. deflection at nearly 
right angles from the perpendicular and from the card. Next 
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morning deflection reduced to about 40° from the perpen- 
dicular. 

(31.) A splinter of tliin glass gummed to apex, after 9 li. no 
effect, but it was then found not to be touching the apex of the 
radicle. Next morning a square of card was fixed with shellac 
to it, and after 9 h. radicle greatly deflected from the card. 
After two additional days the deflection had decreased and was 
only 35° from the perpendicular. 

(32.) Small square of sanded card, attached with thick gum- 
water laterally to the apex of a long straight radicle: after 9 h. 
gi-eatly deflected from the perpendicular and from the card. 
Curvature extended for a length of '22 of an inch from the 
apex. After 3 additional hours terminal portion deflected at 
right angles from the perpendicular. Next morning the cui-ved 
portion was '36 in length. 

(33.) Square of card gummed to apex : after 1 5 h. deflected at 
nearly 90° from the peri>eudicnlar and from the card. 

(34.) Small oblong of sanded card gummed to apex: after 
15 h. deflected 90° from the perpendicular and from the card : 
in the course of the three following days the terminal portion 
became much contorted and ultimately coiled into a helix. 

(35.) Square of card gummed to apex: after 9 h. deflecteil from 
cai-d : after 24 h. from time of attachment gi’catly deflected 
obliquely and partly in opposition to Sachs’ curvature. 

(36.) Small piece of card, rather less than Jgth of an inch 
square, gummed to apex : in 9 h. considerably deflected from 
card and in opposition to Sachs’ curvature; after 24 h. greatly 
deflected in the same direction. After an additional day the 
extreme tip was curved towards the card. 

(37.) Square of card, gummed to apex in front, caused after 
8 h. 30 m. hardly any effect ; refixed fresh square laterally, after 
15 h. deflected almost 90° from the j«rpendicular and from the 
card. After 2 adilitional days deflection much reduced. 

(38.) Square of card gummed to apex : after 9 h. much deflec- 
tion, which after 24 h. from time of fixing increased to nearly 
90°.* After an additional day terminal portion was curled into 
a loop, and on the following day into a helix. 

(39.) Small oblong piece of card gummed to apex, nearly in 
front, but a little to one side; in 9 h. slightly deflected in the 
direction of Sachs’ curvature, but rather obliquely, aud to 
side opposite to card. Next day more curved in the same 
direction, and after 2 additional days coiled into a ring. 



© The Complete Work of Charles Darwin Online 



140 



SEXSITIVEXESS OF THE APEX Chap. HI. 



(40.) Square of card gummed to apex: after 9 li. slightly 
curved from card; next morning radicle straight, and apex had 
grown beyond the card. Kefixed another square laterally with 
shellac; in 9 h. deflected laterally, but also in the direction of 
Sachs’ curvature. After 2 additional days’ curvature consider- 
ably increased in the .same direction. 

(41.) Little square of tin-foil fixed with gum to one side of 
apex of a yoimg and short radicle : after 1.5 h. no effect, but 
tin-foil had become displaced. A little square of card was now 
gummed to one side of apex, which after 8 h. 40 m. was slightly 
deflected; in 24 h. from the time of attachment deflected at 90=’ 
from the perpendicular and from the card ; after 9 additional 
hours became hooked, with the apex pointing to the zenith. In 
3 days from the time of attachment the terminal portion of the 
radicle formed a ring or circle. 

(42.) A little square of thick letter-paper gummed to the 
apex of a railicle, which after 9 h. was deflected from it. In 
21 h. from time when the paper was affixed the deflection much 
increased, and after 2 additional days it amounted to 50=’ from 
the perpendicular and from the paper. 

(43.) A narrow chip of a quill was fixed with shellac to the 
apex of a radicle. After 9 h. no effect; after 24 h. moderate 
deflection, but now the quill had ceased to touch the apex. 
Eeraoved quill and gummed a little square of card to apex, 
which after 8 h. caused slight deflection. On the fourth day 
from the first attachment of any object, the extreme tip was 
curved towards the card. 

(44.) A rather long and narrow splinter of extremely thin 
glass, fixed with shellac to apex, it caused in 9 h. slight 
deflection, which disappeared in 24 h. ; the splinter was then 
found not touching the apex. It was twice refixed, with nearly 
similar results, that is, it caused slight deflection, which soon 
disappeared. On the fourth day from the time of first attach- 
ment the tip was bent towards the splinter. 

From these experiments it is clear that the apex of 
the radicle of the hean is sensitive to contact, and 
that it causes the upper part to bend away from the 
touching object. But before giving a summary of the 
results, it will be convenient briefly to give a few other 
observations. Bits of very thin glass and little squares 
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of common card were affixed with thick gum- water to 
the tips of the radicles of seven beans, as a pre- 
liminary trial. Six of these were plainly acted on, 
and in two cases the radicles became coiled up into 
complete loops. One radicle was curved into a semi- 
circle in so short a period as 6 h. 10 m. The 
seventh radicle which was not affected was apparently 
sickly, as it became brown on the following day ; so 
that it formed no real exception. Some of these trials 
were made in the early spring during cold weather in 
a sitting-room, and others in a greenhouse, but the 
temperature was not recorded. These six striking 
cases almost convinced us that the apex was sensitive, 
but of course we determined to make many more trials. 
As we had noticed that the radicles grew much more 
quickly when subjected to considerable heat, and as 
we imagined that heat would increase their sensitive- 
ness, vessels with germinating beans suspended in 
damp air were placed on a chimney-piece, where they 
were subjected during the greater part of the day to a 
temperature of between 69° and 72° F. ; some, how- 
ever, were placed in the hot-house where the tempera- 
ture was rather higher. Above two dozen beans were 
thus tried; and when a square of glass or card did 
not act, it was removed, and a fresh one affixed, this 
being often done thrice to the same radicle. There- 
fore between five and six dozen trials were altogether 
made. But there was moderately distinct deflection 
from the perpendicular and from the attached object 
in only one radicle out of this large number of cases. 
In five other cases there was very slight and doubtful 
deflection. We were astonished at this result, and 
concluded that we had made some inexplicable mis- 
take in the first six experiments. But before finally 
relinquishing the subject, we resolved to make one 
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other trial, for it occurred to us that sensitiveness is 
easily affected by external conditions, and that radicles 
growing naturally in the earth in the early spring 
would not be subjected to a temperature nearly so 
high as 70 ° F. We therefore allowed the radicles 
of 12 beans to grow at a temperature of between 
55 ° and 60° F. The result was that in every one of 
these cases (included in the above-described experi- 
numts) the radicle was deflected in the course of a few 
hours from the attached object. All the above re- 
corded successful trials, and some others presently to 
be given, were made in a sitting-room at the tempera- 
tures just specified. It therefore appears that a tem- 
perature of about, or rather above, 70° F. destroys 
the sensitiveness of the radicles, either directly, or 
indirectly through abnormally accelerated growth ; 
and this curious fact prt)bably exjdains why Sachs, 
who expressly states that his beans were kejit at a 
high temperature, failed to detect the sensitiveness of 
the apex of the radicle. 

But other causes interfere with tliis sensibility. 
Eighteen radicles were tried with little squares of 
sanded card, some affixed with shellac and some with 
gum-water, during the few last days of 1878, and few 
first days of the next year. They were kept in a room 
at the proper temperature during the day, but were 
probably too cold at night, as there was a hard frost at 
the time. The radicles looked healthy but grew very 
slowly. The result was that only 6 out of the 18 
were deflected from the attached cards, and this only 
to a slight degree and at a very slow rate. These 
radicles therefore presented a striking contrast with 
the 44 above described. On March Cth and 7th, when 
the temperature of the room varied between 53° and 
59° F., eleven germinating beans were tried in the 
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same manner, and now every one of the radieles 
became curved away from the cards, though one was 
only slightly deflected. Some horticulturists believe 
that certain kinds of seeds will not germinate pro- 
perly in the middle of the winter, although kept at a 
right temperature. If there really is any proper period 
for the germination of the bean, the feeble degree of 
sensibility of the above radicles may have resulted 
from the trial having been made in the middle of the 
w inter, and not simply from the nights being too cold. 
Lastly, the radicles of four beans, which from some 
innate cause germinated later than all the others of 
the same lot, and which grew slowly though appearing 
healthy, were similarly tried, and even after 24 h. they 
were hardly at all deflected from the attached cards. 
We may therefore infer that any cause w'hich renders 
the growth of the radicles either slow'er or more ra})id 
than the normal rate, lessens or annuls the sensibility 
of their tips to contact. It deserves particular -atten- 
tion that when the attached objects failed to act, there 
was no bending of any kind, excepting Sachs’ curva- 
ture. The force of our evidence would have been 
greatly w'eakened if occasionally, though rarely, the 
radicles had become curved in any direction inde- 
pendently of the attached objects. In the foregoing 
numbered paragraphs, however, it may be observeil 
that the extreme tip sometimes becomes, after a con- 
siderable interval of time, abruptly curved towards the 
bit of card ; but this is a totally distinct phenomenon, 
as will presently be explained. 

Summary of the Results of the foregoing Eag>eriments 
on the Radicles of Vida fala. — Altogether little squares 
(about inch), generally of sanded p.aper 

as stiff as thin card (between ‘lo and '20 mm. in 
thickness), sometimes of ordinary card, or little frag- 
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monts of very thin glass, &c., were affixed at different 
times to one side of the conical tips of 55 radicles. 
The 11 last-mentioned cases, but not the preliminary 
ones, are bere included. The squares, &c., were most 
commonly affixed with shellac, but in 19 cases with 
thick gum-water. When the latter was used, the 
squares wore sometimes found, as previously stated, 
to be separated from the apex by a laj^er of thick 
fluid, so that there wixs no contact, and conse- 
quently no bending of the radicle; and such few 
cases were not recorded. But in every instance in 
which shellac was employed, unless the square fell 
off very soon, the result was recorded. In several 
instances when the squares became displaced, .so tis 
to stand parallel to the radicle, or were separated by 
fluid from the apex, or soon fell off, fresh squares 
were attached, and these cases (described under the 
numbered paragraphs) are here included. Out of 
55 radicles experimented on under the proper tempe- 
rature, 52 became bent, generally to a considerable 
extent from the perpendicular, and away from the 
side to which the object was attached. Of the three 
failures, one can be accounted for, as the radicle 
became sickly on the following day; and a second 
was observed only during 11 h. 30 m. As in several 
cases the terminal growing part of the radicle continued 
for some time to bend from the attached object, it 
formed itself into a hook, with the apex pointing to 
the zenith, or even into a ring, and occasionally into a 
spire or helix. It is remarkable that these latter cases 
occurred more frequently when objects were attached 
with thick gum-water, which never became dry, than 
when shellac was employed. The curvature was often 
w ell-marked in from 7 h. to 11 h. ; and in one instance 
a semicircle was formed in 6 h. 10 m. from the time 
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of attachment. But in order to see the phenomenon 
as well displayed as in the above described cases, it is 
indispensable that the bits of card, &c., should be 
made to adhere closely to one side of the conical 
apex; that healthy radicles should he selected and 
kept at not too high or too low a temperature, and 
apparently that the trials should not he made in the 
middle of the winter. 

In ten instances, radicles which had curved away 
from a square of card or other object attached to their 
tips, straightened themselves to a certain extent, or 
even completely, in the course of from one to two days 
from the time of attachment. This was more espe- 
cially apt to occur when the curvature was slight. 
But in oue instance (No. 27) a radicle which in 9 h. 
had been deflected about 90° from the perpendicular, 
became quite straight in 24 h. from the period of 
attachment. With No. 26, the radicle was almost 
straight in 48 h. We at first attributed the straigliten- 
ing process to the radicles becoming accustomed to a 
slight stimulus, in the same manner as a tendril or 
sensitive petiole becomes accustomed to a very light 
loop of thread, and unbends itself though the loop 
remains still suspended; but Sachs states * that radicles 
of the bean placed horizontally in damp air after 
curving downwards through geotropism, straighten 
themselves a little by growth along their lower or 
concave sides. Why this should occur is not clear ; 
but perhaps it likewise occurred in the above ten 
cases. There is another occasional movement which 
must not he passed over : the tip of the radicle, for a 
length of from 2 to 3 mm., was found in six instances. 



• ‘ Arbeiten Bot. Instit., Wurzburg,’ Heft iii. p. 4.56. 
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after au interval of about 24 or more hours, bent 
towards the bit of still attached card, — that is, in a 
direction exactly opposite to the previously induced 
curvature of the whole growing part for a length of 
from 7 to 8 mm. This occurred chiefly when the first 
curvature was small, and when an object had been 
affixed more than once to the apex of the same radicle. 
The attachment of a bit of card by shellac to one 
side of the tender apex may sometimes mechanically 
prevent its growth ; or the application of thick gum- 
water more tlian once to tlie same side may injure it; 
and tlien checked growth on this side with continned 
growth on the opposite and unaffected side would 
account for tlie reversed curvature of the apex. 

Various trials were made for ascertaining, as far 
as we could, the natui’c and degree of irritation to 
which the apex must be subjected, in order that the 
terminal growing part should bend away, as if to 
avoid the cause of irritation. We have seen in the 
numbered experiments, that a little square of rather 
tliick letter-paper gummed to the apex induced, 
though slowly, considerable deflection. Judging from 
several cases in which various objects had been affixed 
with gum, and had soon become separated from the 
apex by a layer of fluid, as well as from some trials 
in whicli drops of thick gum-water alone had been 
applied, this fluid never causes bending. We have 
also seen in the numbered experiments that narrow 
splinters of quill and of very thin glass, affixed with 
shellac, caused only a slight degree of deflection, and 
this may perhaps have been due to the shellac 
itself. Little squares of goldbeaters’ skin, which is 
excessively thin, were damped, and thus made to 
adhere to one side of the tij^s of two radicles ; one of 
these, after 24 h., produced no effect ; nor did the 
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other in 8 h., within which time squares of card usually 
act ; but after 24 h. there was slight deflection. 

An oval bead, or rather cake, of dried shellac, 

1 • 01 mm. in length and 0-63 in breadth, caused a 
radicle to become deflected at nearly right angles in 
the course of only G h. ; but after 23 h. it had nearly 
straightened itself. A very small quantity of dissolved 
shellac was spread over a bit of card, and the tips of 
9 radicles were touched laterally with it ; only two of 
them became slightly deflected to the side opposite 
to that bearing the speck of dried shellac, and they 
afterwards straightened themselves. These specks 
were removed, and both together weighed less than 
-j^,(jth of a grain; so that a weight of rather less 
than 2 ^th of a grain (O’ 32 mgs.) sufficed to excite 
movement in two out of the nine radicles. Here 
then we have apparently reached nearly the minimum 
w'eight which will act. 

A moderately thick bristle (which on measurement 
was found rather flattened, being O' 33 mm. in one 
diameter, and 0‘20 mm. in the other) was cut into 
lengths of about ^yh of an inch. These after being 
touched with thick gum-water, were placed on the tip 
of eleven radicles. Three of them were affected ; one 
being deflected in 8 h. 15 m. to an angle of about 90” 
from the perpendicular ; a second to the same amount 
when looked at after 9 h. ; but after 24 h. from the 
time of first attachment the deflection had decreased 
to only 19’: the third was only slightly deflected 
after 9h., and the bit of bristle was then found not 
touching the apex; it was replaced, and after 15 
additional hours the deflection amounted to 26’ from 
the perpendicular. The remaining eight radicles 
were not at all acted on by the bits of bristle, so that 
we here appear to have nearly reached the minimum 
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of size of an object which will act on the radicle of 
the bean. But it is remarkable that when the bits of 
bristle did act, that they should have acted so quickly 
and efficiently. 

As the apex of a radicle in penetrating the ground 
must be pressed on all sides, we wished to learn 
whether it could distinguish between harder or more 
resisting, and softer substances. A square of the sanded 
paper, almost as stiff as card, and a square of extremely 
thin paper (too thin for writing on), of exactly the 
same size (about- ^^th of an inch), were fixed with 
shellac on opposite sides of the apices of 12 susjjcnded 
radicles. The sanded card was between O' 15 and 
0-20 mm. (or between 0-0059 and 0-0079 of an inch), 
and the thin paper only 0‘045 mm. (or 0-00176 of an 
inch) in thickness. In 8 out of the 12 cases there 
could be no doubt that the radicle was deflected from 
the side to which the card-like paper was attached, and 
towards the opposite side, bearing the very thin paper. 
This occurred in some instances in 9 h., but in others 
not until 24 h. had elapsed. Moreover, some of the 
four failures can hardly be considered as really failures : 
thus, in one of them, in which the radicle remained 
quite straight, the square of thin paper was found, 
when both were removed from the apex, to have been 
so thickly coated with shellac that it was almost as 
stiff as the card ; in the second case, the radicle was 
bent upwards into a semicircle, but the deflection 
was not directly from the side bearing the card, and 
this was explained by the two squares having become 
cemented laterally together, forming a sort of stiff 
gable, from which the radicle was deflected : in the 
third case, the square of card had been fixed by 
mistake in front, and though there was deflection 
from it, this might have been due to Sachs’ curvature : 
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in the fourth case alone no reason could he assigned 
why the radicle had not been at all deflected. These 
experiments suffice to prove that the apex of the 
radicle possesses the extraordinary power of discri- 
minating between thin card and very thin paper, and 
is deflected from the side pressed by the more re- 
sisting or harder substance. 

Some trials were next made by irritating the tips 
without any object being left in contact nith them. 
Nine radicles, suspended over water, had their tips 
rubbed, each six times with a needle, with sufficient 
force to shake the whole bean ; the temperature was 
favourable, viz. about 63° F. In 7 out of these cases 
no effect whatever was produced ; in the eighth case 
the radicle became slightly deflected from, and in the 
ninth case slightly deflected towards, the rubbed side ; 
but these two latter opposed curvatures were probably 
accidental, as radicles do not always grow perfectly 
straight downwards. The tips of two other radicles 
were rubbed in the same manner for 15 seconds with 
a little round twig, two others for 30 seconds, and two 
others for 1 minute, but without any effect being pro- 
duced. We may therefore conclude from these 15 
trials that the radicles are not sensitive to temporary 
contact, but are acted on only by prolonged, though 
very slight, pressure. 

We then tried the effects of cutting off a very thin 
slice parallel to one of the sloping sides of the apex, 
as we thought that the wound would cause prolonged 
irritation, which might induce bending towards the 
opposite side, as in the case of an attached object. 
Two preliminary trials were made : firstly, slices were 
cut from the radicles of 6 beans suspended in damp 
air, with a pair of scissors, which, though sharp, 
probably caused considerable crushing, and no curva- 
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ture followed. Secondly, tliin slices were cut with a 
razor obliquely off the tips of three radicles similarly 
suspended ; and after 44 h. two were found plainly 
bent from the sliced surface ; and the third, the whole 
apex of which had been cut off obliquely by accident, 
was curled upwards over the bean, but it was not 
clearly ascertained whether the curvature had been at 
first directed from the cut surface. These results led 
us to pursue the experiment, and 18 radicles, which 
had grown vertically downwards in damp air, had one 
side of their conical tips sliced off with a razor. The 
tips were allowed just to enter the water in the jars, 
and they were exposed to a temperature 14'’-16'’ C. 
(57^-61° F.). The observations were made at dif- 
ferent times. Three were examined 12 h. after being 
sliced, and were all slightly curved from the cut 
surface; and the curvature increased considerably after 
an additional 12 h. Eight were examined after 19 h. ; 
four after 22 h. 30 m. ; and three after 25 h. The 
final result was that out of the 18 radicles thus tried, 
13 were jdainly bent from the cut surface after the 
above intervals of time; and one other became so 
after an additional interval of 13 h. 30 m. So that 
only 4 out of the 18 radicles were not acted on. To 
these 18 cases the 3 previously mentioned ones should 
be added. It may, therefore, be concluded that a thin 
slice removed by a razor from one side of the conical 
apex of the radicle causes irritation, like that from an 
attached object, and induces curvature from the injure^! 
surface. 

Lastly, dry caustic (nitrate of silver) was employed 
to irritate one side of the apex. If one side of the 
apex or of the whole te-rminal growing part of a 
radicle, is by any means killed or badly injured, the 
other side continues to grow ; and this causes the part 
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tu bend over towards the injured side.* But in the 
following experiments we endeavoured, generally with 
success, to irritate the tips on one side, without badly 
injtiring them. This was effected by first drying the 
tip as far as possible with blotting-paper, though it still 
remained somewhat damp, and then touehing it once 
with quite dry caustic. Seventeen radicles were thus 
treated, and were suspended in moist air over water at 
a temperature of 58^ F. They were examined after 
an interval of 21 h. or 24 h. Tlie tips of two wore 
found blackened equally all round, so that they could 
tell nothing and were rejected, 15 being left. Of 
these, 10 were curved from the side which had been 
touched, where there was a minute brown or blackish 
mark. Five of these radicles, three of wliich were 
already slightly deflected, were allowed to enter the 
water in tlie jar, and were re-examined after an addi- 
tional interval of 27 h. (i.o. in 48 h. after the appli- 
cation of the caustic), and now four of them had 
become hooked, being bent from the discoloured side 
with their points directed to the zenith ; the fiftli 
remained unaffected anil straight. Thus 11 radicles 
out of the 15 were acted on. But the curvature of 
the four just described was so plain, that they alone 
woidd have sufficed to show that the radicles of the 
beau bend away from that side of the apex which lias 
been slightly irritated by caustic. 

The power of an Irritant on the apex of the Badiele 

* Cieik'lski found this to be tho peuded over water, with a thick 
cnee (‘ Untcrsucliuiigon iiber die layer of grease, which is very 
AiiwarUkrummuiig dcr Wurzcl,’ injurious or even fatal to grow- 
1S71, p. 2S) after burning with ing parts; for after 48 hours 
heated platinum one side of a five of these radicles were curved 
radicle. So did wo when wo towards tt.o greased side, two 
paiuted longitudinally half of Iho remaining straight, 
whole length of 7 radicles, sus- 

© The Complete Work of Charles Darwin Online 



152 



SENSITIVENESS OF THE APEX Chap. III. 



of the' Bean, compared with that of Geotropism . — We 
know that when a little square of card or other 
object is fixed to one side of the tip of a vertically 
dependent radicle, the growing part bends from it 
often into a semicircle, in opposition to geotropism, 
which force is conquered by the elfect of the irri- 
tation from the attached object. Kadicles were there- 
fore extended horizontally in damp air, kept at 
the proper low temperature for full sensitiveness, 
and squares of card were affixed with shellac on the 
lotver sides of their tips, so that if the squares 
acted, the terminal growing j)art would curve upwards. 
Firstly, eight beans were so placed that their short, 
young, horizontally extended radicles would be simul- 
taneously acted on both by geotropism and by Sachs’ 
(Mirvature, if the latter came into play ; and they all 
eight became bowed downwards to the centre of the 
earth in 20 h., excepting one which was only slightly 
acted on. Two of them were a little bowed downwards 
in only 5 h. ! Therefore the cards, affixed to the lower 
sides of their tips, seemed to produce no effect ; and 
geotropism easily conquered the effects of the irritation 
thus caused. Secondly, 5 oldish radicles, 1^ inch in 
length, ami therefore less sensitive than the above- 
mentioned young ones, were similarly placed and 
similarly treated. From what has been seen on many 
other occasions, it may be safely inferred that if they 
had been suspended vertically they would have bent 
away from the cards ; and if they had been extended 
horizontally, without cards attached to them, they 
would have quickly bent vertically downwards through 
geotropism; but the result was that two of these 
radicles were still horizontal after 23 h. ; two were 
curved only slightly, and the fifth as much as 40” 
beneath the horizon. Thirtlly, 5 beans were fastened 
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with tlieir flat surfaces parallel to the cork-lid, so that 
Sachs’ curvature would not tend to make the hori- 
zontally extended radicles turn either upwards or 
downwards, and little squares of card were affixed as 
before, to the lower sides of their tips. The result 
was that all five radicles were bent down, or towards 
the centre of the earth, after only 8 h. 20 m. At 
the same time and within the same jars, 3 radicles of 
the same age, with squares aflixed to one side, were 
suspended vertically ; and after 8 h. 20 m. they were 
considerably deflected from the cards, and therefore 
ciurved upwards in opposition to geotroi)ism. In these 
latter cases the irritation from the squares had over- 
powered geotropism ; whilst in the former cases, in 
which the radicles were extended horizontally, geo- 
tropism had overpowered the irritation. Thus within 
the same jars, some of the radicles were curving 
upwards and others downwards at the same time — 
these opposite movements depending on whether the 
radicles, when the squares were first attached to them, 
projected vertically down, or were extended horizon- 
tally. This diflerence in their behaviour seems at first 
inexplicable, but can, we believe, be simply explained 
by the diflerence between the initial power of the two 
forces under the above circumstances, combined with 
the well-known principle of the after-effects of a sti- 
mulus. When a young and sensitive radicle is extended 
horizontally, with a square attached to the lower side 
of the tip, geotropism acts on it at right angles, and, 
as we have seen, is then evidently more eflicient than 
the irribition from the square ; and the power of geo- 
tropism will be strengthened at each successive period 
by its previous action — that is, by its after-effects. 
On the other hand, when a square is aflixed to a 
vertically dependent radicle, and the apex begins to 



© The Complete Work of Charles Darwin Online 



154 SENSITIVENESS OF THE BADICLE. Chap. III. 



curve upwards, this movement will be opposed by geo- 
tropisni acting only at a very oblique angle, aud the 
irritation from the card will be strengthened by its 
previous action. We may therefore conclude that the 
initial power of an irritant on the apex of the radicle 
of the bean, is less than that of geotropism when 
acting at right angles, but greater than that of geo- 
troi>ism when acting obliquely on it. 

Sensitiveness of the tips of the Secondary Radicles of the 
Bean to contact . — All the j>revious observations relate 
to the main or primary radicle. Some beans suspended 
to cork -lids, with their radicles dipping into water, had 
developed secondary or lateral radicles, which were 
afterwards kept in very damp air, at the proper low 
temperature for full sensitiveness. They projected, 
as usual, almost horizontally, with only a slight 
downward curvature, and retained this position 
during several days. Sachs has shown* that these 
secondary roots are acted on in a peculiar manner by 
geotropism, so that if displaced they reassume their 
former sub-horizontal position, and do not bend verti- 
cally downwards like the primary radicle. iMinute 
squares of the stiff sanded paper were affixed by 
means of shellac (but in some instances with thick 
gum- water) to the tips of 39 secondary radicles of 
different ages, generally the uppermost ones. Most 
of the squares were fixed to the lower sides of the apex, 
so that if they acted the radicle would bend upwards ; 
but some were fixed laterally, and a few on the npper 
side. Owing to the extreme tenuity of these radicles, 
it was very difficult to attach the square to the 
actual apex. Whether owing to this or some other 
circumstance, only nine of the squares induced any 



• ‘ Arboiten Tot. Inst., Wiirzburg,’ Heft iv. 1S74, p. 605-617. 
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curvature. The curvature amounted in some cases to 
about 45’ above the horizon, in others to 90’, and then 
the tip pointed to the zenith. In one instance a 
distinct upward curvature was observed in 8 h. 15 m„ 
but usually not until 24 h. had elapsed. Although 
only 9 out of 39 radicles were affected, yet the curva- 
ture was so distinct in several of them, that there could 
be no doubt that the tip is sensitive to slight contact, 
and that the growing part bends away from the touch- 
ing object. It is possible that some secondary radicles 
are more sensitive than others ; for Sachs has proved * 
the interesting fact that each individual secondary 
radicle possesses its own peculiar constitution. 

Sensitiveness to contact of the Primary Radicle, a little 
above the ape.v., in the Bean ( Vida faha) and Pea {Pisiim 
sativum). — The sensitiveness of the apex of the radicle 
in the previously described cases, and the cousequent 
curvature of the upper part from the touching dhject 
or other source of irritation, is the more remarkable, 
because Sachs t has shown that pressure at the distance 
of a few millimeters above the apex causes the radicle 
to bend, like a tendril, towards the touching ol>ject. 
By fixing pins so that they pressed against the radicles 
of beaus suspended vertically in damp air, we saw this 
kind of curvature ; but rubbing the part with a twig 
or needle for a few minutes produced no effect, llaber- 
landt remarks,^ that these radicles in breaking through 
the seed-coats often rub and press against the ruptured 
edges, and consequently bend round them. As little 
squares of the card-like paper affixed with shellac to 
the tips were, highly eflicient in causing the radicles 
to bend away from them, similar pieces (of about J„th 

• • Arlipilen Rot. Instit., 'Wiirz- J ‘DieSohutzcinriclitnngcn dcr 
hiirg,’ Heft. iv. 1874, p. 620. KeimpHanzo,’ 1877, p. 25. 

t Ibid. Hift iii. 1873, p. 437. 



© The Complete Work of Charles Darwin Online 



156 



SENSITIVENESS OF THE 



Chap. III. 



inch square, or rather less) were attached in the same 
manner to one side of the radicle at a distance of 3 or 
4 mm. above the apex. In our first trial on 15 radicles 
no effect was produced. In a second trial on the same 
number, three became abruptly cun^ed (but only one 
strongly) towards the card within 24 h. From these 
cases we may infer that the pressure from a bit of card 
affixed with shellac to one side above the apex, is hardly 
a sufficient irritant ; but that it occasionally causes the 
radicle to bend like a tendril towards this side. 

We next tried the effect of rubbing several radicles 
at a distance of 4 mm. from the apex for a few seconds 
with lunar caustic (nitrate of silver) ; and although tlie 
radicles had been wiped dry and the stick of caustic 
was dry, yet the part rubbed was much injured and a 
slight permanent depression was left. In such cases 
the opposite side continues to grow, and the radicle 
necessarily becomes bent towards the injured side. 
But when a point 4 mm. from the apex was momen- 
tarily touched with dry caustic, it was only faintly 
discoloured, and no permanent injury was caused. This 
was shown by several radicles thus treated straighten- 
ing themselves after one or two days ; yet at first they 
became curved towards the touched side, as if they had 
been there subjected to slight continued pressure. 
These cases deserve notice, because when one side of 
the apex was just touched with caustic, the radicle, as 
we have seen, curved itself in an opposite direction, that 
is, away from the touched side. 

The radicle of the common pea at a point a little 
above the apex is rather more sensitive to continued 
pressure than that of the bean, and bends towards the 
pressed side.* We experimented on a variety (York- 

* Sachs, ‘ Arbeiten Bot. Institut., Wurzburg,’ Heft iii. p. 438. 
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shire Eero) which has a much wrinkled tough skin, 
too large for the included cotyledons ; so that cait of 
yO peas which had been soaked for 24 h. and allowed 
to germinate on damp sand, the radicles of three were 
unable to escape, and were crumpled up in a strange 
manner within the skin ; four other radicles wore 
abruptly bent round the edges of the ruptured skin 
against which they had pressed. Such almormalities 
would probably never, or very rarely, occur with forms 
developed in a state of nature and subjected to natural 
selection. One of the four radicles just mentioned in 
doubling backwards came into contact with the pin 
by which the pea was fixed to the cork-lid ; and now it 
bent at right angles round the pin, in a direction quite 
different from that of the first curvature due to contact 
witlv the ruptured skin ; and it thus afforded a good 
illustration of the tendril-like sensitiveness of the 
radicle a little above the apex. 

Little squares of the card-like paper were next 
affixed to radicles of the pea at 4 mm. above the apex, 
in the same manner as with the bean. Twenty-eight 
radicles suspended vertically over water were thus 
treated on difierent occasions, and 13 of them became 
curved towards the cards. The greatest degree of 
curvature amounted to 62^ from the perpendicular; 
but so large an angle was only once formed. On one 
occasion a slight curvature was perceptible after 5 h. 
45 m., and it was generally well-marked after 14 h. 
There can therefore be no doubt that with the pea, 
irritation from a bit of card attached to one side of the 
radicle above the apex suffices to induce curvature. 

Squares of canl were attached to one side of the tips 
of 11 radicles within the same jars in which the above 
trials were made, and five of them became plainly, 
and one slightly, curved away from this side. Other 
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analogous cases will be immediately described. The 
fact is here mentioned because it was a striking spec- 
tacle, showing the difference in the sensitiveness of 
the radicle in different parts, to behold in the same 
jar one set of radicles curved away from the squares on 
their tips, and another set curved towards the squares 
attached a little higher up. 3Ioreover, the kind of 
curvature in the two cases is different. The squares 
attached above the apex cause the radicle to bend 
abruptly, the part above and beneath remaining nearly 
straight ; so that here there is little or no transmitted 
effect. On the other hand, the squares attached to 
the apex affect the radicle for a length of from about 
4 to even 8 mm., inducing in most cases a sym- 
metrical curvature; so that here some influence is 
transmitted from the apex for this distance along the 
radicle. 

Pisum sativum (var. YorJcshire Hero): Sensitiveness of 
the apex of the Radicle . — Little squares of the same card- 
like paper were affixed (April 24tli) with shellac to 
one side of the apex of 10 vertically suspended radicles : 
the temperature of the water in the bottom of the jars 
was C0°-61° F. Most of these radicles were acted on 
in 8 h. 30 m. ; and eight of them became in the course 
of 24 h. conspicuously, and the remaining two slightly, 
deflected from the perpendicular and from the side 
bearing the attached squares. Thus all were acted on ; 
but it will suffice to describe two conspicuous cases. 
Tn one the terminal portion of the radicle was bent at 
right angles (A, Fig. 66) after 24 h. ; and in the other 
(B) it had by this time become hooked, with the apex 
pointing to the zenith. The two bits of card here used 
were '07 inch in length and -04 inch in breadth. Two 
other radicles, which after 8 h. 30 m. were moderately 
deflected, became straight again after 24 h. Another 
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trial was made iu the same manner with 15 radicles ; 
but from circumstances, not worth explaining, they 
were only once and briefly examined after the short 



Pisum sativum ; deflection produced within 24 hours in the growth of 
Tcrtically dependent radicles, by little squares of card afii.se(f 'with 
shellac to one side of apex : A, bent at right angles ; B, hooked. 



interval of 5 h. 30 m. ; and we merely record in our 
notes “ almost all bent slightly from the perpendicular, 
and away from the squares ; the deflection amounting 
in one or two instances to nearly a rectangle.” These 
two sets of cases, especially the first one, prove that 
the apex of the radicle is sensitive to slight contact 
and that the upper part bends from the touching 
object. Nevertheless, on June 1st and 4th, 8 other 
radicles were tried in the same manner at a tempera- 
ture of 58’-G0° F., and after 24 h. only 1 was decidedly 
bent from the card, 4 slightly, 2 doubtfully, and 1 not 
in the least. The amount of curvature was unaccount- 
ably small ; but all the radicles which were at all bent, 
were bent away from the cards. 

We now tried the effects of widely difTerent tempera- 
tures on the sensitiveness of these radicles with squares 
© Tl^ Complete Work of Charles Darwin Online 
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of card attached to their tips. Firstly, 13 peas, most 
of them having very short and young radicles, were 
placed in an ice-box, in which the temperature rose 
during three days from 44? to 47° F. They grew slowly, 
but 10 out of tlie 13 became in the course of the three 
days very slightly curved from the squares ; the other 
3 were not affected ; so that this temperature was too 
low for any high degree of sensitiveness or for much 
movement. Jars with 13 other radicles were next 
placed on a chimney-piece, where they were subjected 
to a temperature of between 68° and 72° F., and 
after 24 h., 4 were conspicuously curved from the 
cards, 2 slightly, and 7 not at all ; so that this tem- 
perature was rather too high. Lastly, 12 radicles 
were subjected to a temperature varying between 
72° and 85° F., and none of them were in the least 
affected by the squares. The above sevei-al trials, 
especially the first recorded one, indicate that the 
most favourable temperature for the sensitiveness of 
the radicle of the pea is about 60° F. 

The tips of 6 vertically dependent radicles were 
touched once with dry caustic, in the manner described 
under Vicia faba. After 24 h. four of them were bent 
from the side bearing a minute black mark ; and the 
curvature increased in one case after 38 h., and in 
another case after 48 h., until the terminal part pro- 
jected almost horizontally. The two remaining ra- 
dicles were not affected. 

With radicles of the bean, when extended horizontally 
in damp air, gcotropism always conquered the effects 
of the irritation eaused by squares of card attached to 
the lower sides of their tips. A similar experiment 
was tried on 13 radicles of the pea ; the squares being 
attached with shellac, and the temperature between 
58°-60° F. The result was somewhat diff(3rent ; for 
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these radieles are either less strongly aeted on by 
geotropism, or, what is more probable, are more sen- 
sitive to contact. After a time geotropism always 
prevailed, but its action was often delayed; and in 
three instances there was a most curious struggle 
between geotropism and the irritation caused by the 
cards. Four of the 13 radieles were a little curved 
downwards within 6 or 8 h., always reckoning from 
the time when the squares were first attached, and 
after 23 h. three of them pointed vertically down- 
wards, and the fourth at an angle of 45° beneath the 
horizon. These four radicles therefore did not seem 



Fig. 67. 




Pisum saitvum; a radicle extended horizontally in damp air with a little 
square of card affixed to the lower side of its tip, causing it to bend 
upwards in opposition to geotropism. The deflection of the radicle 
after 21 hours is shown at A, and of the same radicle after 45 hours at 
B, now forming a loop. 

to have been at all affected by the attached squares. 
Four others were not acted on by geotropism within 
the first 6 or 8 h., but after 23 h. were much bowed 
down. Two others remained almost horizontal for 
23 h., but afterwards were acted on. So that in these 
latter six cases the action of geotropism was much 
delayed. The eleventh radicle was slightly curved 
dowTi after 8 h., but when looked at again after 23 h. 
the terminal portion was curved upwards; if it had 
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been longer observed, the tip no doubt would have 
been found again curved down, and it would have 
formed a loop as in the following case. The twelfth 
radicle after 6 h; was slightly cmwed downwards ; but 
when looked at again after 21 h., this curvature had 
disappeared and the apex pointed upwards ; after 30 h. 
the radicle formed a hook, as shown at A (Fig. 67) ; 
which hook after 45 h. was converted into a loop (B). 
The thirteenth radicle after 6 h. was slightly curved 
downwards, but within 21 h. had curved considerably 
up, and then down again at an angle of 45° beneath 
the horizon, afterwards becoming perpendicular. In 
tliese three last cases geotropism and the irritation 
caused by the attached squares alternately prevailed 
in a highly remarkable manner; geotropism being 
ultimately victorious. 

- Similar exjieriments were not always quite so suc- 
cessful as in the above cases. Thus 6 radicles, horizon- 
tally extended with attached squares, rvere tried on 
June 8th at a proper temperature, and after 7 h. 30 m. 
none were in the least curved upwards and none were 
distinctly geotropic ; whereas of 6 radicles without any 
attached squares, which served as standards of com- 
parison or controls, 3 became slightly and 3 almost 
rectangularly geotropic within the 7 h. 30 m. ; but 
after 23 h. the two lots were equally geotropic. On 
July 10th another trial was made with 6 horizontally 
extended radicles, with squares attached in the same 
manner beneath their tips ; and after 7 h. 30 m., 4 were 
slightly geotropic, 1 remained horizontal, and 1 was 
curved upwards in opposition to gravity or geotropism. 
This latter radicle after 48 h. formed a loop, like that 
at B (Fig. 67). 

An analogous trial was now made, but instead of 
attaching squares of card to the lower sides of the 
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tips, these were touched with dry caustic. The details 
of the experiment will be given in the chapter on 
Geotropism, and it will suffice here to say that 10 
peas, with radicles extended horizontally and not cau- 
terised, w'ere laid on and under damp friable peat ; 
these, which served as standards or controls, as well as 
10 others which had been touched on the vpper side 
with the caustic, all became strongly geotropic in 24 h. 
Nine radicles, similarly placed, had their tips touched 
on the lower side with the caustic ; and after 24 h., 

3 were slightly geotropic, 2 remained horizontal, and 

4 were bowed upwards in opposition to gravity and to 
geotropism. This upward curvature was distinctly 
visible in 8 h. 45 m. after the lower sides of the tips 
had been cauterised. 

Little squares of card were affixed with shellac on 
two occasions to the tips of 22 young and .short 
secoiularij radicles, which had been emitted from the 
primary radicle whilst growing in water, but were now 
suspended in damp air. Besides the difficulty of 
attaching the squares to such finely pointed objects 
as were these radicles, the temperature was too high, 
— varving on the first occasion from 72’ to 77’ F., and 
on the second being almost steadily 78° F. ; and this 
probably lessened the sensitiveness of the tips. The 
result was that after an interval of 8 h. 30 m., 6 of the 
22 radicles were bowed upwards (one of them greatly) 
in opposition to gravity, and 2 laterally ; the remain- 
ing 14 were not affected. Considering the unfavour- 
able circumstances, and bearing in mind the case of 
the bean, the evidence appears sufficient to show that 
the tips of the secondary radicles of the pea are 
sensitive to slight contact. 

Phaseolus miiltiflorus : Sensitiveness of the apex of the 
Eadicle. — Fifty-nine radicles were tried with squares 
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of various sizes of the same card-like paper, also with 
bits of thin glass and rough cinders, affixed with shellac 
to one side of the apex. Kather large drops of the 
dissolved shellac were also placed on them and allowed 
to set into hard beads. The specimens were subjected 
to various temperatures between 60° and 72° F., more 
commonly at about the hitter. But out of this con- 
siilt'rable number of trials only 5 radicles were phiinly 
bent, and 8 others slightly or even doubtfully, from 
the attached objects ; the remaining 46 not being at 
all affected. It is therefore clear that the tips of the 
radicles of this Phaseolus are much less sensitive to 
contact than are those of the bean or pea. AVe 
thought that they might be sensitive to harder 
pressure, but after several trials we could not devise 
any method for pressing harder on one side of the 
apex than on the other, without at the same time 
offering mechanical resistance to its growth. AVe 
therefore tried other irritants. 

The tijis of 13 radicles, dried with blotting-paper, 
were thrice touched or just rubbed on one side 
with dry nitrate of silver. They were rubbed thrice, 
because we supposed from the foregoing trials, that 
the tips were not highly sensitive. After 24 h. the 
tips were found greatly blackened ; 6 were blackened 
equally all round, so that no curvature to any one 
side could be expected ; 6 were much blackened on 
one side for a length of about -Jj,th of an inch, and 
this length became curved at right angles ioicards the 
blackened surface, the curvature afterwards increasing 
in several instances until little hooks were formed. 
It was manifest that the blackened side was so much 
injured that it could not grow', whilst the opposite 
side continued to grow. One alone out of these 13 
radicles became curved from the blackened side, the 
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curvature extending for some little distance above 
the apex. 

After the experience thus gained, the tips of six 
almost dry radicles were once touched with the dry 
caustic on one side ; and after an interval of 10 m. 
were allowed to enter water, which was kept at a 
temperature of G5°-67° F. The result was that after 
an interval of 8 h. a minute blackish speck could 
just be distinguished on one side of the apex of five 
of these radicles, all of which became curved towards 
tlie opposite side — in two cases at about an angle 
of 45“ — in two other cases at nearly a rectangle — and 
in the fifth case at above a rectangle, so that the apex 
was a little hooked ; in this latter case the black mark 
was rather larger than in the othem. Aftc'r 24 h. 
from the application of the caustic, the curvature of 
three of these radicles (including the hooked one) had 
diminished ; in the fourth it remained the same, and 
in the fifth it had increased, the tip being now hooked. 
It has been said tliat after 8 h. black specks could 
be seen on one side of the apex of five of the six 
radicles ; on the sixth the speck, which was extremely 
minute, was on the actual apex and therefore central ; 
and this radicle alone did not become curved. It was 
therefore again touched on one side with caustic, and 
after 15 h. 30 m. was found curved from the perpen- 
dicular and from the blackened side at an angle of 34“, 
which increased in nine additional hours to 54“. 

It is therefore certain that the apex of the radicle 
of this Phaseolus is extremely sensitive to caustic, 
more so than that of the bean, though the latter is 
far more sensitive to pressure. In the experiments 
just given, the curvature from the slightly cauterised 
side of the tip, extended along the radicle for a 
length of nearly 10 mm. ; whereas in the first set 
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of experiments, when the tips of several were greatly 
blackened and injured on one side, so that their growth 
was arrested, a length of less than 3 mm. became 
curved toioards the mueh blackened side, owing to tlie 
continued growth of the opposite side. This differ- 
ence in the results is interesting, for it shows that too 
strong an irritant does not induce any transmitted 
effect, and does not cause the adjoining, upper and 
growing j>art of the radicle to bend. We have analo- 
gous cases with Drosera, for a strong solution of car- 
bonate of ammonia when absorbed by the glands, or 
too great heat suddenly applied to them, or crushing 
them, does not cause the basal part of the tentacles 
to bend, whilst a weak solution of the carbonate, or a 
moderate heat, or slight pressure always induces such 
bending. Similar results were observed with Dionaea 
and Pinguicula. 

The effect of cutting off with a razor a thin slice 
from one side of the conical apex of 14 young and 
short radicles was next tried. Six of them after being 
operated on were suspended in damp air ; the tips of 
the other eight, similarly suspended, were allowed to 
enter water at a temperature of about 65° F. It was 
recorded in each case which side of the apex had 
been sliced off, and when they were afterwards 
examined the direction of the curvature was noted, 
before the record was consulted. Of the six radicles 
in damp air, three had their tips curved after an 
interval of 10 h. 15 m. directly, away from the sliced 
surface, whilst the other three were not affected and 
remained straight; nevertheless, one of them after 
13 additional hours became slightly curved from the 
sliced surface. Of the eight radicles with their tips 
immersed in water, seven were plainly curved away 
from the sliced surfaces after 10 h. 15 m. ; and with 
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respect to tlie eighth which remained quite straight, 
too thick a slice had been accidentally removed, so 
that it hardly formed a real exception to the general 
result. When the seven radicles were looked at 
again, after an interval of 23 h. from the time of 
slicing, two had become distorted ; four were deflected 
at an angle of about 70’ from the perpendicular and 
from the cut surface ; and one was deflected at nearly 
90’, so that it projected almost horizontally, but with 
the extreme tip now beginning to bend downwards 
through the action of geotropism. It is therefore 
manifest that a thin slice cut ofi’ one side of the conical 
apex, causes the upper growing part of the radicle of 
this Phaseolus to bend, through the transmitted eftects 
of the irritation, away from the sliced surface. 

Tropeeolum ynajus: Sensitiveness of the apex of the 
Badide to contact . — Little squares of card were attached 
with shellac to one side of the tips of 19 radicles,’'some 
of which were subjected to 78’ F., and others to a 
much lower temperature. Only 3 became plainly 
curved from the squares, 5 slightly, 4 doubttully, 
and 7 not at all. These seeds were, as we believed, 
old, so we procured a fresh lot, and now the results 
were widely diflerent. Twenty-three were tried in 
the same manner; five of the squares produced no 
effect, but three of these cases were no real exceptions, 
for in two of them the squares had slipped and were 
parallel to the apex, and in the third the shellac was 
in excess and had spread equally all round the apex. 
One radicle was deflected only slightly from the 
perpendicular and from the card ; whilst seventeen 
were plainly deflected. The angles in several of these 
latter cases varied between 40^ and 65° from the 
perpendicular ; and in two of them it amounted after 
15 h. or 16 h. to about 90°. In one instance a loop 
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was nearly completed in 16 li. There ean, therefore, 
be no doubt that the apex is highly sensitive to slight 
contact, and that the upper part of tlie radicle bends 
away from the touching object. 

Gossijpiutn herhaceiim : Sensitiveness of the apex of the 
Itadicle . — liadicles were experimented on in the same 
manner as before, but they proved ill-fitted for our 
purpose, as they soon became unhealthy when sus- 
ixmded in damp air. Of 38 radicles thus suspended, 
at temperatures varying from 66’ to 69’ F., with 
squares of card attached to their tips, 9 were plainly 
and 7 slightly or even doubtfully deflected from the 
squares and from the perpendicular; 22 not being 
aftected. A\ e thought that perhaps the above tempera- 
ture was not high enough, so 19 radicles with attached 
squares, likewise suspended in damp air, were subjected 
to a temperature of from 74° to 79° F., but not one of 
them was acted on, and they soon became nnhealthy. 
Lastly, 19 radicles were suspended in water at a tem- 
perature from 70° to 75° F., with bits of glass or 
squares of the card attaclied to their tips by means of 
Canada-balsam or asphalte, which adhered rather better 
than shellac beneath the water. The radicles did not 
keep healthy for long. The result was that 6 were 
plainly and 2 doubtfully deflected from the attached 
objects and the perpendicular; 11 not being aflected. 
The evidence consequently is hardly eonclusive, 
though from the two sots of cases tried under a 
moderate temperature, it is probable that the radicles 
are sensitive to contact ; and would be more so under 
favourable conditions. 

Fifteen radicles which had germinated in friable peat 
were suspended vertically over water. Seven of them 
served as controls, and they remained quite straight 
during 24 h. The tips of the other eight radicles 
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were just touched with dry caustic on one side. After 
only 5 h. 10 in. five of them were slightly curved 
from the perpendicular and from the side hearing the 
little blackish marks. After 8 h. 40 m., 4 out of 
these 5 were deflected at angles between 15° and 05° 
from the perpendicular. On the other hand, one 
which had been slightly curved after 5 h. 10 m., now 
became straight. After 24 h. the curvature in two 
cases had considerably increaseil ; also in four other 
cases, but these latter radicles had now become so 
contorted, some being turned upwards, that it could no 
longer be ascertained whether they were still curved 
from the cauterised side. The control specimens ex- 
hibited no such irregular growth, and the two sets 
presented a striking contrast. Out of the 8 radicles 
which had been touched with caustic, two alone were 
not affected, and the marks left on their tips by the 
caustic were extremely minute. These marks in all 
cases were oval or elongated ; they were measured in 
three instances, and found to be of nearly the same 
size, viz. f of a»mm. in length. Bearing this fact in 
mind, it should be observed that the length of the 
curved part of the radicle, which had become deflected 
from the cauterised side in the course of 8 h. 40 m., 
was found to lie in three cases 6, 7, and 9 mm. 

Cueurhita orifera : Sensitiveness of the ajpex of the Ba- 
dicle— The tips proved ill-fitted for the attachment of 
cards, as they are extremely fine and flexible. More- 
over, owing to the hypocotyls being soon developed 
and becoming arched, the whole radicle is quickly 
displaced and confusion is thus caused. A large 
number of trials were made, but without any definite 
result, excepting on two occasions, when out of 23 
radicles 10 were deflected from the attached squares 
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of card, aud 13 were not acted on. Eather largo 
squares, thougk difficult to affix, seemed more efficient 
than very small ones. • 

We were much more successful with caustic ; hut in 
our first trial, 15 radicles were too much cauterised, 
and only two became curved from the blackened side ; 
the others being either killed on one side, or blackened 
eqtially all round. In our next trial the dried tips 
of 11 radicles were touched momentarily with dry 
caustic, and after a few minutes were immersed in 
water. Tlie elongated marks thus caused were never 
black, only brown, and about i mm. in length, or 
even less. In 4 h. 30 m. after the cauterisation, 6 of 
them w'ere plainly curved from the side with the 
brown mark, 4 slightly, and 1 not at all. The latter 
proved unhealthy, and never grew ; and the marks on 
2 of the 4 slightly curved radicles were excessively 
minute, one being distinguislfable only with the aid 
of a lens. Of 10 control specimens tried in the same 
jars at the same time, not one was in the least curved. 
In 8 h. 40 m. after the cauterisation, y of the radicles 
out of the 10 (the one unhealthy one being omitted) 
were deflected at about 90'’, and 3 at about 45° from 
the perpendicular aud from the side bearing the 
brown mark. After 24 h. all 10 radicles had in- 
creased immensely in length ; in 5 of them the curva- 
ture was nearly the same, in 2 it had increased, and 
in 3 it had decreased. The contrast presented by the 
10 controls, after both the 8 h. 40 m. and the 24 h. 
intervals, was very great ; for they had continued to 
grow vertically downwards, excepting two which, from 
some unknown cause, had become somewhat tortuous. 

In the chapter on Geotropism we shall see that 
10 radicles of this plant were extended horizontally on 
aud beneath damp friable peat, under w'hich conditions 
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they grow better and more naturally than in damp 
air ; and their tips were slightly cauterised on the 
lower side, brown marks about ^ mm. in length 
being thus caused. Uncauterised sjjecimens similarly 
placed became much bent downwards through geo- 
tropism in the course of 5 or 6 hours. After 8 h. 
only 3 of the cauterised ones were bowed downwards, 
and this in a slight degree ; 4 remained horizontal ; 
and 3 were curved upwards in opposition to geo- 
tropism and from the side bearing the brown mark. 
Ten other specimens had their tips cauterised at the 
same time and in the same degree, on the upper 
side ; and this, if it produced any effect, would tend 
to increase the power of geotropism ; and all these 
radicles were strongly bowed downwards after 8 h. 
From the several foregoing facts, there can be no 
doubt that the cauterisation of the tip of the radicle 
of this Cueurbita on one side, if done lightly enbugh, 
causes the whole growing part to bend to the opposite 
side. 

Haplianus sativus : Sensitiveness of the apex of the 
Radicle . — We here encountered many difiiculties in 
our trials, both with squares of card and with caustic ; 
for when seeds were pinned to a cork-lid, many of the 
radicles, to which nothing had been done, grew irre- 
gularly, often curving upwards, as if attracted by the 
damp surface above ; and when they were immersed 
in water they likewise often grew irregularly. Wo 
did not therefore dare to trust our experiments with 
attached squares of card ; nevertheless some of them 
seemed to indicate that the tips were sensitive to 
contact. Our trials with caustic generally failed from 
the difficulty of not injuring too greatly the extremely 
fine tips. Out of 7 radicles thus tried, one became 
bowed after 22 h. at an angle of 60°, a second at 40° 
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and a third very slightly from the perpendicular and 
from the cauterised side. 

^scidus hippocastanum : Sensitiveness of the apex of 
tile JhidfeZe.— Bits of glass and squares of card were 
aflixed with shellac or gum-water to the tips of 12 
radicles of the horse-chestnut ; and when these objects 
fell off, they were refixed ; but not in a single instance 
was any curvature thus caused. These massive 
radicles, one of which was above 2 inches in length 
and -3 inch in diameter at its base, seemed insensible 
to so slight a stimulus as any small attached object. 
Nevertheless, when the apex encountered an obstacle 
in its downward course, the growing part became so 
uniformly and symmetrically curved, that its appear- 
ance indicated not mere mechanical bending, but 
increased growth along the whole convex side, due to 
the irritation of the apex. 

That this is the correct view may be inferred from 
the effects of the more powerful stimulus of caustic. 
The bending from the cauterised side occurred much 
slower than in the previously described species, and it 
will perhaps be worth while to give our trials in 
detail. 

The seeds germinated in siiwdust, and one side of the tips of 
the radicles were slightly rubbed once with dry nitrate of silver; 
and after a few minutes were allowed to dip into water. They 
w'cre subjected to a rather varying temperature, generally 
lietween 52^ and 58° F. A few cases have not been thought 
worth recording, in which the whole tip was blackened, or in 
which the seedling soon became unhealthy. 

(1.) The radicle was slightly deflected from the cauterised 
side in one day (i.e. 24 h.) ; in three days it stood at 60° from 
the perpendicular; in four days at 90° ; on the fifth day it was 
curved up about 40° above the horizon ; so that it had passed 
through an angle of 130° in the five days, and tliis was the 
greatest ammmt of curvature observed. 

(2.) In two days radicle slightly deflected; after seven days 
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deflected 69° from the perpendicular and from the cauterised 
side ; after eight days the angle amounted to nearly 90°. 

(3.) After one day slight deflection, but the cauterised mark 
was so faint that the same side was again touched with caustic. 
In four days from the first touch deflection amounted to 78°, 
which in an additional day increased to 90°. 

(4.) After two days .slight deflection, which during the next 
three days certainly increased but never became great; the 
radicle did not grow well and died on the eighth day. 

(5.) After two days very slight deflection ; but this on the 
fourth day amounted to 56° from the perpendicular and from 
the cauterised side. 

(6.) After three days doubtfully, but after four days certainly 
deflected from the cauterised side. On the fifth day deflection 
amounted to 45° from the jieri^endicular, and this on the seventh 
day increa.sed to about 90°. 

(7.) After two days slightly deflected ; on the third day the 
deflection amounted to 25° from the perpendicular, and this 
did not afterwards increase. 

(8.) After one day deflection distinct ; on the third day it 
amounted to 44°, and on the fourth day to 72° from the perpen- 
dicular and the cauterised side. 

(9.) After two days deflection slight, yet distinct; on the 
third day the tip was again touched on the same side with 
caustic and thus killed. 

(10.) After one day slight deflection, which after six days 
increased to 50° from the perpendicular and the cauterised side. 

(11.) After one day decided deflection, which after six days 
increased to 62° from the perpendicular and from the cauterised 
side. 

(12.) After one day slight deflection, which on the second day 
amounted to 35°, on the fourth day to 50°, and the sixth day 
to 63° fronr the perpendicular and the cauterised side. 

(la.) Whole tip blackened, but more on one side than the 
other ; on the fourth day slightly, and on the sixth day greatly 
deflected from the more blackened side ;' tho deflection on the 
ninth day amounted to 90° from the perpendicular. 

(14.) Whole tip blackened in the same manner as in the last 
case; on the second day decided deflection from the more 
blackened side, which increased on the seventh day to nearly 
90° ; on the following day the radicle appeared unhealthy. 

(15.) Here we had the anomalous case of a radicle bending 
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slightly tuwards the cauterised side on the first day, and con- 
tinuing to do so for the next three days, when the deflection 
amounted to about 90° from the perpendicular. The cause 
aj)peared to lie in the tendril-like sensitiveness of the upper part 
of the radicle, against which the point of a large triangular flap 
of the seed-coats pressed with considerable force; and this 
irritation apparently conquered that from the cauterised apex. 

These several cases show beyond doubt that the 
irritation of one side of the apex, excites the upper 
part of the radicle to bend slowly towards the opposite 
side. This fact was well exhibited in one lot of five 
seeds pinned to the cork-lid of a jar ; for when after 
6 days the lid was turned upside down and viewed 
from directly above, the little black marks made by the 
caustic were now’ all distinctly visible on the upper 
sides of the tips of the laterally bowed radicles. 

A thin slice was shaved oft’ with a razor from one 
side of the tips of 22 radicles, in the manner described 
under the common bean ; but this kind of irritation 
did not prove very effective. Only 7 out of the 22 
radicles became moderately deflected in from 3 to 5 
days from the sliced surface, and several of the others 
grew irregularly. The evidence, therefore, is far from 
conclusive. 

Quereus robur: Sensitiveness of the apex of the Radicle. 
— The tips of the radicles of the common oak are fully 
as sensitive to slight contact as are those of any plant 
examined by us. They remained healthy in damp air 
for 10 days, but grew’ slowly. Squares of the card- 
like paper were fixed with shellac to the tips of 15 
radicles, and ten of these became conspicuously bowed 
from the perpendicular and from the squares ; two 
slightly, and three not at all. But two of the latter 
were not real exeeptions, as they were at first very 
short, and hardly grew afterwards. Some of the more 
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remarkable cases are worth describing. The radicles 
were examined on each successive morning, at nearly 
the same hour, that is, after intervals of 21 li. 

No. 1. This radicle suffered from a scries of accidents, and 
acted in an anomalous manner, for the apex appeared at first 
insensible and afterwards sensitive to contact. The fii’st square 
was attached on Oct. 19th ; on the 21st the 
radicle was not at all curved, and the square Fig- <>8. 

was accidentally knocked off; it was refixed 
on the 22nd, and the radicle became slightly 
curved from the square, but the curvature 
disappeared on the 23rd, when the square 
was removed and refixed. No curvature en- 
sued, and the square was again accidentally 
knocked off, and refixed. On the morning of 
the 27th it was washed off by having reached 
the water in the bottom of the jar. The 
square was refixed, and on the 29th, that 
is, ten days after the first square had been 
attached, and two days after the attachment 
of the last square, the radicle had grown to 
the great length of 3 2 inches, and now ro&ur .■ radicle 

the tei-minal growing part had become bent with squ.uc of card 
away from the square into a hook (see attached to one side 
-p. cQv of apex, causing it 

jjg. bo> become hooked. 

No. 2. Square attached on the 19th ; on Drawing one-half 
the 20th radicle slightly deflected from it natural scale, 
and from the perpendicular; on the 21st 
deflected at nearly right angles ; it remained during the next 
two days in this position, but on the 25th the upward curva- 
ture was lessened through the action of geotropism, and still 
more so on the 26th. 

No. 3. Square attached on the 19th ; on the 21st a trace of 
curvature from the square, which amounted on the 22nd to 
about 40°, and on the 23rd to 53° from the perpendicular. 

No. 4. Square attached on the 21st; on the 22ud trace of 
curvature from the square ; on the 23rd completely hooked 
with the point turned up to the zenith. Three days afterwards 
(i.e. 2Gth) the curvature had wholly disappeared and the ajrex 
iwinled perpendicularly downwards. 

No. 5. Square attached on the 21st; on the 22nd decided 
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though Blight curvature from the square ; on the 23rd the tip 
had curved up above the ho izou, and on the 24th was hooked 
with the apex pointing almost to the zenith, as in Fig. 68. 

No. 6. Square attached on the 2ist ; on the 22ad slightly 
curved from the square; 23rd more curved; 25th consider- 
ably curved ; 27th all curvature lost, and the radicle was now 
directed perpendicularly downwards. 

No. 7. Square attached on the 21st ; on the 22nd a trace of 
curvature from the stiuare, which increased next day, and on 
the 24th amounted to a right angle. 

It is, therefore, manifest that tlie apex of the radicle 
of the oak is highly sensitive to contact, and retains 
its sensitiveness during several days. The movement 
thus induced was, however, slower than in any of the 
previous cases, with the exception of that of ..disculus. 
As with the bean, the terminal growing part, after 
bending, sometimes straightened itself through the 
action of geotropism, although the object still remained 
attached to the tip. 

The same remarkable experiment was next tried, 
as in the case of the beau ; namely, little squares of 
exactly the same size of the card-like sanded paper 
and of very thin paper (the thicknesses of which have 
been given under Vida faha) ■were attached with 
shellac on o])posite sides (as accurately as could be 
done) of the tips of 13 radicles, suspended in damp 
air, at a temperature of G5°-66° F. The result was 
striking, for 9 out of these 13 radicles became plainly, 
and 1 very slightly, curved from the thick paper 
towards the side bearing the thin paper. In two of 
these cases the apex became completely hooked after 
two days; in four cases the deflection from the per- 
pendicular and from the side bearing the thick paper, 
amounted in from two to four days to angles of 90°, 
72'’, 60'’, and 49°, but in two other cases to only 18° 
and 15°. It should, however, be stated that in the 
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case in which the deflection was 49°, the two squares 
had accidentally come into contact on one side of the 
apex, and thus formed a lateral gable ; and the deflec- 
tion was directed in part from this gable and in part 
from the thick paper. In three cases alone the radicles 
were not affected by the difference in thickness of the 
squares of paper attached to their tips, and conse- 
quently did not bend away from the side bearing the 
stifler paper. 

Zea mays : Sensitiveness of the afex of the Radicle to 
contact . — A large number of trials were made on this 
plant, as it was the only monocotyledon on which we 
experimented. An abstract of the results will suflSce. 
In the first place, 22 germinating seeds were pinned to 
cork-lids without any object being attached to their 
radicles, some being exposed to a temperature of 65 °- 
GG° P., and others to between 74° and 79° ; and none of 
them became curved, though some were a little inclined 
to one side. A few were selected, which from having 
germinated on sand were crooked, but when suspended 
in damp air the terminal part grew straight down- 
wards. This fact liaving been ascertained, little squares 
of the card-like paper were aflixed with shellac, on 
several occasions, to the tips of 68 radicles. Of these 
the terminal growing part of 39 became within 24 h. 
conspicuously curved away from tlie attached squares 
and from the perpendicular ; 13 out of the 39 forming 
hooks with their points directed towards the zenith, 
and 8 forming loops. Moreover, 7 other radicles out 
of the G8, were slightly and two doubtfully deflected 
from the cards. There remain 20 which were not 
affected; but 10 of these ought not to be counted; 
for one was diseased, two had their tips quite sur- 
rounded by shellac, and the squares on 7 had slipped 
so as to stand parallel to the apex, instead of obliquely 
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on it. There were therefore only 10 out of the 68 
which certainly were not acted on. Some of the 
radicles which were experimented on were young and 
short, most of tliem of moderate length, and two or 
three exceeded three inches in length. Ihe curva- 
ture in the above cases occurred within 24 h., but it 
was often conspicuous within a much shorter period. 
For instance, the terminal growing part of one radicle 
was bent upwards into a rectangle in 8 h. 15 m., and 
of another in 9 h. On one occasion a hook was 
formed in 9 h. Six of the radicles in a jar containing 
nine seeds, which stood on a sand-bath, raised to 
a temperature varying from 76° to 82° F., became 
hooked, and a seventh formed a complete loop, when 
first looked at after 15 hours. 

The accompanying figures of four germinating seeds 
(Fig. 69) show, firstly, a radicle (A) the apex of which 
has become so much bent away from the attached 
square as to form a hook. Secondly (B), a hook 
converted through the continued irritation of the 
card, aided perhaps by geotropism, into an almost 
complete circle or loop. The tip in the act of forming 
a loop generally rubs against the upper part of the 
radicle, and pushes off the attached square ; the loop 
then contracts or closes, but never disappears; and 
the apex afterwards grows vertically downwards, being 
no longer irritated by any attached object. This 
frequently occurred, and is represented at C. The 
jar above mentioned with the six hooked radicles and 
another jar were kept for two additional days, for the 
sake of observing how the hooks would be modified. 
JMost of them became converted into simple loops, 
like that figured at C ; but in one case the apex did 
not rub against the upper part of the radicle and thus 
remove the card; and it consequently made, owing 
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to the continued irritation from the card, two complete 
loops, that is, a helix of two spires ; which afterwards 
became pressed closely together. Then geotropism 
prevailed and caused the apex to grow perpendicularly 
downwards. In another case, shown at (D), the apex 





in making a second turn or spire, passed through the 
first loop, which was at first widely open, and in 
doing so knocked off the card ; it then grew perpen- 
dicularly downwards, and thus tied itself into a knot, 
which soon became tight ! 

Secondary Radicles of Zea . — A short time after the 
first radicle has appeared, others ])rotrude from the 
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seed, but not laterally from the primary one. Ten of 
these secondary radicles, which were directed obliquely 
downwards, were experimented on with very small 
squares of card attached with shellac to the lower 
sides of their tips. If therefore the squares acted, the 
radicles would bend upwards in opposition to gravity. 
The jar stood (protected from light) on a sand-bath, 
which varied between 76° and 82° F. After only 
5 h. one appeared to be a little deflected from the 
square, and after 20 h. formed a loop. Four others 
were considerably curved from the squares after 20 h., 
and three of them became hooked, with their tips 
pointing to the zenith, — one after 29 h. and the 
two others after 44 h. By this latter time a sixth 
radicle had become bent at a right angle from the side 
bearing the square. Thus altogether six out of the 
ten secondary radicles were acted on, four not being 
affected. There can, therefore, be no doubt that the 
tips of these secondary radicles are sensitive to slight 
contact, and that when thus excited they cause the 
upper part to bend from the touching object; but 
generally, as it appears, no.t in so short a time as in 
the case of the first-formed radicle. 

Sensitiveness of the tip of the Radicle to 
Moist Air. 

Sachs made the interesting discovery, a few years 
ago, that the radicles of many seedling plants bend 
towards an adjoining damp surface.* We shall here 
endeavour to show that this peculiar form of sensitive- 
ness resides in their tips. The movement is directly 
the reverse of that excited by the irritants hitherto 
considered, which cause the growing part of the 

• ‘ Arbciten dee Dot. Institut., in Wurzburg,’ vol. i. 1872, p. 209. 

© The Complete Work of Charles Darwin Online 



Chap. III. OF THE RADICLE TO MOIST AIR. 181 

radicle to bend away from the source of irritation. 

In our experiments we followed Sachs’ plan, and sieves 
with secids germinating in dump sawdust were sus- 
pended so that the bottom was generally inclined at 
40’ with the horizon. If the radicles had been acted 
on solely by geotropism, they would have grown out 
of the bottom of the sieve perpendicularly down- 
wards; but as they were attracted by the a<ljoiuiug 
damp surface they bent towards it and were deflected 
50’ from the perpendicular. For the sake of ascertain- 
ing whether the tip or the whole growing part of the 
radicle was sensitive to the moist air, a length of from 

I to 2 mm. was coated in a certain number of cases 
with a mixture of olive-oil and lamp-black. This 
mixture was made in order to give consistence to the 
oil, so that a thick layer could be applied, which 
would exclude, at least to a large extent, the moist air, 
and would be easily visible. A greater number of 
experiments than those which were actually tried 
would have been necessary, had not it been clearly 
established that the tip of the radicle is the part which 
is sensitive to various other irritants. 

Phaseolus ma/O^oriM.— Twenty-nine radicles, to which no- . 
thing had l>een done, growing out of a sieve, were observed 
at the same time with those which had their tips greased, 
and for an equal length of time. Of the 29, 24 curved them- 
selves so as to come into close contact with the bottom of the 
sieve. The place of chief curvature was generally at a distance 
of 5 or C mm. from the aix;x. Eight railicles had their tips 
greased for a length of 2 mm., and two others for a length of 

II mm.; they were kept at a temperature of 15'’-16° C. After 
intervals of from 19 h. to 24 h. all were still vertically or 
almost vertically dependent, for some of them had moved 
towards the adjoining damp surface by about lO®. They had 
therefore not been acted on, or only slightly acted on, by the 
damper air on one side, although the whole upper part was 
freely exposed. After 48 h. three of these radicles liccame 
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considerably curved towards the sieve ; and the absence of curva- 
ture in some of the others might perhaps be accounted for by 
tlieir not having grown very well. But it should be observed 
that during the first 19 h. to 24 h. all grow well ; two of them 
having increased 2 and 3 mm. in length in 11 h. ; five others 
increased 5 to 8 mm. in 19 h. ; and two, which had been at first 
4 and 6 mm. in length, increased in 24 h. to 15 and 20 mm. . 

Tlie tips of 10 radicles, which likewise grew well, were coated 
with the gi-ease for a length of only 1 mm., and now the result 
was somewhat ditferent; for of these 4 curved themselves to 
the sieve in from 21 h. to 24 h., whilst 6 did not do so. 
Five of the latter were observed for an additional day, .and now 
all excepting one Iwcame curved to the sieve. 

The tips of 5 radicles were cauterised w'ith nitrate of silver, 
and about 1 mm. in length was thus destroyed. They were 
observed for periods varying between 11 h. and 24 h., and wore 
foupd to have grown well. One of them had curved until it 
came into contact with the sieve ; another was curving towards 
it; whilst the remaining three were still vertically dependent. 
Of 7 not cauterised radicles observed at the same time, all had 
come into contact with the sieve. 

The tips of 11 radicles were protected by moistened gold- 
beaters’ skin, which adhereh closely, for a length varying from 
Ij to 21 mm. After 22 h. to 24 h , 6 of these radicles were 
clearly bent towards or had come into contact with the sieve ; 
2 were slightly cui-ved in this direction, and 3 not at all. All 
had grown well. Of 14 control specimens observed at the siime 
time, all excepting one had closely approached the sieve. It 
appears from these cases that a cap of goldbeaters’ sldn cheeks, 
though only to a slight degree, the bending of the radicles to 
an adjoining damp surface. Whether an extremely thin sheet 
of this substance when moistened allows moisture from the air 
to pass through it, we do not know. One case indicated that 
the caps were sometimes more efficient than appears from the 
above results; for a radicle, which after 23 h. had only 
slightly approached the sieve, had its cap (U mm. in length) 
removed, and during the next 15J h. it curved itself abruptly 
towards the source of moisture, the chief seat of curvature 
being at a distance of 2 to 3 mm. from the apex. 

Vicia fiiba . — The tips of 13 radicles were coated with the 
grease for a length of 2 mm. ; and it should be remembered 
that with these radicles the seat of chief curvature is about 
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4 or 5 mm. from the apex. Four of them were examined after 
22 h., three after 26 h., and six after 36 h., and none had 
been attracted towards the damp lower surface of the sieve. 
In another trial 7 radicles were similarly treated, and 5 of them 
stilt pointed perpendicularly downwards after 11 h., whilst 

2 w’ere a little curved towards the sieve ; by an accident they 
were not subsequently observed. In both these trials the 
radicles grew well ; 7 of them, which were at first from 4 to 
11mm. in length, were after 11 h. between 7 and 16 mm.; 

3 which were at first from 6 to 8 mm. after 26 h. were 11‘5 
to 18 mm. in length ; and lastly, 4 radicles which were at first 

5 to 8 mm. after 46 h. were 18 to 23 mm, in length. The 
control or ungreased radicles wore not invariably attracted 
towards the bottom of the sieve. But on one occasion 12 out of 
13, which were observed for periods between 22 h. and 36 h., 
were thus attracted. On two other occasions taken together, 
38 out of 40 were similarly attracted. On another occasion 
only 7 out of 14 behaved in this manner, but after two more 
days the proportion of the curved increased to 17 out of 23. 
On a last oecasion only 11 out of 20 were thus attracted. If 
we add up these numbers, we find that 78 out of 96 of the 
control specimens curved themselves towards the bottom of the 
sieve. Of the specimens with greased tips, 2 alone out of the 
20 (but 7 of these were not observed for a sufficiently long 
time) thus curved themselves. We can, therefore, hardly doubt 
that the tip for a length of 2 mm. is the part which is sensitive 
to a moist atmosphere, and causes the upper part to bend 
towards its source. 

The tips of 15 radicles were cauterised with nitrate of silver, 
and they grew as W'ell as those above described with greased 
tij)S. After an interval of 24 h., 9 of them were not at all 
curved towards the bottom of the sieve ; 2 were curved towards 
it at angles of 20° and 12° from their former vertical position, 
and 4 had come into close contact with it. Thus the destruc- 
tion of the tip for a length of about 1 mm. prevented the curva- 
ture of the greater number of these radicles to the adjoining 
damp surface. Of 24 control specimens, 23 were bent to the 
sieve, and on a second occasion 15 out of 16 were similarly 
curved in a greater or less degree. These control trials are 
included in those given in the foregoing paragraph. 

Avfva mtiva.—The tips of 13 radicles, which projected 
between 2 and 4 mm. from the bottom of the sieve, many of 
9 
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them not quite jierpendicularly downwards, were coated with 
the black grease for a length of from 1 to li mm. The sieves 
were inclined at 30° with the horizon. The greater number of 
these radicles were examined after 22 h., and a few after 2.5 h., 
and within these intervals they had grown so quickly as to have 
nearly doubled their lengths. With the ungreased radicles the 
chief seat of curvature is at a distance of not less than Ijetween 
3'5 and 5'5 mm., and not more than between 7 and 10 mm. from 
the apex. Out of the 13 radicles with greased tips, 4 had not 
moved at all towards the sieve ; 6 were deflected towards it and 
from the perpendicular by angles varying between 10° and 35° ; 
and 3 had come into close contact with it. It appears, therefore, 
at first sight that greasing the tips of these radicles had checked 
but little their bending to the adjoining damp surface. But the 
inspection of the sieves on two occasions produced a widely 
different impression on the mind; for it was impossible to 
behold the radicles with the black greased tips projecting from 
the bottom, and all those with ungreased tips, at least 40 to 50 
in number, clinging closely to it, and feel any doubt that the 
greasing had produced a great effect. On close examination 
only a single ungreased radicle could be found which had not 
become curved towards the sieve. It is probable that if the 
tips had been protected by grease for a length of 2 mm. instead 
of from 1 to li mm , they would not have been affected by the 
moist air and none would have become curved. 

Triticum vulgare . — Analogous trials were made ou 8 radicles 
of the common wheat ; and greasing their tips produced much 
less effect than in the ease of the oats. After 22 h., 5 of them 
had come into contact with the bottom of the sieve; 2 had 
moved towards it 10° and 15°, and one alone remained perpen- 
dicular. Not one of the very numerous ungreased radicles 
failed to come into close contact with the sieve. These trials 
were maile on Nov. 28th, when the temperature was only 4°'8 C. 
at 10 A.M. We should hardly have thought this case worth 
notice, had it not been for the following circumstance. In the 
beginning of October, when the temperature was considerably 
higher, viz., 12° to 13° C., we found that only a few of the 
ungreased radicles became bent towards the sieve ; and this 
indicates that sensitiveness to moisture in the air is increased 
by a low temperature, as we have seen with the radicles of 
Vida faha relatively to objects attached to their tips. But in 
the present instance it is possible that a difference in the dryness 



© The Complete Work of Charles Darwin Online 



CuAP.III. OF THE RADICLE TO MOIST AIR. 185 

of the air may have caused the difference in the results at the 
two periods. 

Finally, the facts just given with respect to Phaseohts 
imdtijlorus, Vida faba, and Arena sativa show, as it 
seems to us, that a layer of grease spread for a length 
of li to 2 mm. over the tip of the radicle, or the 
destruction of the tip by caustic, greatly lessens or 
quite annuls in the upper and exposed part the power 
of bending towards a neighbouring source of moisture. 
We should bear in mind that the part which bends 
most, lies at some little distance above the greased or 
cauterised tip ; and that the rapid grow th of this part, 
proves that it has not been injured by the tips having 
been thus treated. In those cases in w hich the radicles 
with greased tips became curved, it is possible that the 
layer of grease was not sufficiently thick wholly to ex- 
clude moisture, or that a sufficient length was not thus 
protected, or, in the case of the caustic, not destroyed. 
When radicles with greased tips are left to grow for 
several days in damp air, the grease is drawn out into 
the finest reticulated threads and dots, with narrow 
portions of the surface left clean. Such portions 
would, it is probable, be able to absorb moisture, and 
thus we can account for several of the radicles with 
greased tips having become curved towards the sieve 
after an interval of one or two dayk On the whole, 
we may infer that sensitiveness to a difference in the 
amount of moisture in the air on the two sides of a 
radicle resides in the tip, which transmits some influ- 
ence to the upper part, causing it to bend towards the 
source of moisture. Consequently, the movement is 
the reverse of that caused by objects attached to one 
side of the tip, or by a thin slice being cut off, or by 
being slightly cauterised. In a future chapter it 
will be shown that sensitiveness to the attraction of 
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gravity likewise resides in the tip ; so that it is the 
tip which excites the adjoining parts of a horizontally 
extended radicle to bend towards the centre of the 
earth. 

Sf.condaky K.vdicles becoming vertically Geo- 
tropic BY THE DESTBaCTION OR INJURY OF THE 
Terminal Part of the Primary Hadicle. 

Sachs has shown tliat the lateral or secondary 
radicles of the bean, and probably of other plants, are 
acted on by geotropism in so peculiar a manner, that 
they grow out horizontally or a little inclined down- 
wards ; and he has further shown* the interesting fact, 
that if the end of the primary radicle be cut off, one 
of the nearest secondary radicles changes its nature 
and grows perpendicularly downwards, thus replacing 
the primary radicle. AYe repeated this experiment, 
and planted beans with amputated radicles in friable 
peat, and saw the result described by Sachs ; but 
generally two or three of the secondary radicles grew 
perpendicularly downwards. \\ e also modified the 
experiment, by pinching young radicles a little way 
above their tips, between the arms of a U-shaped 
piece of thick leaden wire. The part pinched was 
thus flattened, and was afterwards prevented from 
growing thicker. Five radicles had their ends cut 
oft', and served as controls or standards. Eight were 
pinched ; of these 2 were pinched too severely and 
their ends died and dropped off ; 2 were not pinched 
enough and were not sensibly affected ; the remaining 
4 were pinched sufficiently to check the growth of 
the terminal part, but did not appear otherwise injured. 
When the U-shaped wires were removed, after an 

• ‘ Arbeiten Hot. Instilut., Wurzburg,’ Heft iv. 1874, p. C22. 
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interval of 15 days, the part beneath the wire was 
found to he very thin and easily broken, whilst the 
part above was thickened. Now in these four cases, 
one or more of the secondary radicles, arising from 
the thickened part just above the wire, had gi'own 
perpendicularly downwards. In the best case the 
primary radicle (the part below the wire being li inch 
in length) was somewhat distorted, and was not half 
as long as three adjoining secondary radicles, which 
had grown vertically, or almost vertically, downwards. 
Some of these secondary radicles adhered together or 
had become confluent. We learn from these four cases 
that it is not necessary, in order that a secondary 
radicle should assume the nature of a primary one, 
that the latter should he actually amputated ; it is 
sufficient that the flow of sap into it should be 
check(‘d, and consequently should Be directed into the 
adjoining secondary radicles; for this seems to bo 
the most obvious result of the primary radicle being 
pinched between the arms of a U-shaped wire. 

This change in the nature of secondary radicles is 
clearly analogous, as Sachs has remarked, to that 
which occurs with the shoots of trees, when the leading 
one is destroyed and is afterwards replaced by one or 
more of the lateral shoots ; for these now grow upright 
instead of sub-horizontally. But in this latter case 
the lateral shoots arc rendered apogeotropic, whereas 
with radicles the lateral ones are rendered geotropic. 
We are naturally led to suspect that the same cause 
acts with shoots as with roots, namely, an increased flow 
of sap into the lateral ones. We made some trials with 
Alies communis and fcctinata, by pinching with wire 
the leading and all the lateral shoots excepting one. 
But we believe that they were too old when experi- 
mented on ; and some were pinched too severely, and 
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Sumo not enougli. Only one case succeeded, namely, 
with the spruce-fir. The leading shoot was not killed, 
but its growth was checked ; at its base there were 
three lateral shoots in a whorl, two of which were 
pinched, one being thus killed ; the third was left 
untouched. These lateral shoots, when operated on 
(.July 14th) stood at an angle of 8° above the horizon ; 
by Sept. 8th the unpinched one had risen o5’; by 
Oct. 4th it had risen 46^ and by Jan. 26th 48°, and 
it liad now become a little curved inwards. Part 
of this rise of 48"' may be attributed to ordinary 
growth, for the pinclied shoot rose 12^ within the same 
period. It thus follows that the unpinched shoot 
stood, on Jan. 2Gth, 5G° above the horizon, or 34° 
from the vertical ; and it was thus obviously almost 
ready to replace the slowly growing, pinched, lead- 
ing shoot. Nevertheless, we feel some doubt about 
this experiment, for we have since observed with 
spruce-firs growing rather unhealthily, that the lateral 
shoots near the summit sometimes become highly 
inclined, whilst the leading shoot remains apparently 
sound. 

A widely different agency not rarely causes shoots 
which naturally would have grown out horizontally to 
grow up vertically. The lateral branches of the Silver 
Fir (A. pectinata) are often affected by a fungus, 
^cidium elatinum, which causes the branch to enlarge 
into an oval knob formed of hard wood, in one of 
which we counted 24 rings of growth. According to 
De Bary,* when the mycelium penetrates a bud be- 
ginning to elongate, the shoot developed from it 
grows vertically upwards. Such upright shoots after- 



* Sec his valuniilo article in 
‘Rot. ZeituiiR,' 1807, p. 257, on 
these monstrous growths, which 



are called in German “ Ilexen- 
bosen,” or “ witch-brooms.” 
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wards produce lateral and horizontal branches; and 
they then present a curious appearance, as if a young 
fir-tree had grown out of a hall of elay surrounding 
the branch. These upright shoots have manifestly 
changed their nature and become apogeotropic ; for if 
they had not been affected by the .yEcidium, they 
would have grown out horizontally like all the other 
twigs on the same branches. This change can hardly 
be due to an increased flow of sap into the part ; but 
the presence of the mycelium will have greatly dis- 
turbed its natural constitution. 

According to Mr. Meehan,* the stems of three 
species of Euphorbia and of Porhdaca oleracea are 
“ normally prostrate or procumbent but when they 
are attacked by an .^eidium, they “ assume an erect 
habit.” Dr. Stahl informs us that he knows of several 
analogous cases ; and these seem to be closely related 
to that of the Abies. The rhizomes of Sparganium 
ramosum grow out horizontally in the soil to a con- 
siderable length, or are diageotropic ; but F. Elfving 
found that when they were cultivated in water 
their ti]is turned upwards, and they became apogeo- 
tropic. The same result followed when the stem of the 
plant was bent until it cracked or was merely much 
bowed.f 

No explanation has hitherto been attempted of such 
cases as the foregoing, — namely, of secondary radicles 
growing vertically downwards, and of lateral shoots 
growing vertically upwards, after the amputation of 



* ‘ Proo. Arad. Nat. Sc. Phila- 
dclpliia,’ Juno IGth, IS74, and 
July 23rd. 187.5. 

t See F. Elfving’s interesting 
pa}X!r in ‘ Arbeiteu Cot. Institnt., 
ill Wurzburg,’ vol. ii. 1880, p. 480. 
Carl Kraus (Triesdorf) had pi e- 



viouslv observed (• Flora,’ 1878, 
p. 324) that the underground 
shoots of Triticum repens bond 
vertically up when the parts alwve 
ground are removed, and when 
the rhizomes are kept partly iiu- 
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the primary radicle or of the leading shoot. The 
following considerations give us, as we believe, the 
clue. Pirstly, any cause which disturbs the con- 
stitution * is apt to induce reversion ; such as the 
crossing of two distinct races, or a change of con- 
ditions, as when domestic animals become feral. 
But the case which most concerns us, is the frequent 
appearance of peloric flowers on the summit of a stem, 
or in the centre of the inflorescence, — parts which, it is 
believed, receive thg most sap ; for wlien an irregular 
flower becomes perfectly regular or peloric, this may 
be attributed, at least partly, to reversion to a primi- 
tive and normal type. Even the position of a seed at 
tlie end of the capsule sometimes gives to the seedling 
developed from it a tendency to revert. Secondly, 
reversions often occur by means of buds, independently 
of rc2)roduction by seed ; so that a bud may revert to 
the character of a former state many bud-generations 
ago. In tlie case of animals, reversions may occur in 
the individual with advancing age. Thirdly and 
lastly, radicles when they first protrude from the seed 
are always geotro2)ic, and jdumules or shoots almost 
always apogeotropic. If then any cause, such as an 
increased fiow of sap or the jrresence of mycelium, 
disturbs the constitution of a lateral shoot or of a 
secondary radicle, it is apt to revert to its primordial 
state ; and it becomes either apogeotropic or geotroj)ic, 
as the ease may be, and consequently grow’s either 
vertically upwards or downwards. It is indeed i)os- 



* Tbc facts on wliich the fol- 
lowing conelu.sinns me founded 
are given in ‘ The Variation of 
.\nimals and Plants under Domes- 
tication,' 2nd edit. 1875. On the 
causes leading to reversion see 
chap. .xii. vol. ii. and p. 59, chap. 



xiv. On peloric flowers, chap, 
xid. p. o2 ; and see p. 387 on their 
position on the plant. With 
respect to seeds, p. 340. On re- 
version by means of buds, p. 438, 
chap. xi. vol. i. 
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sible,^r even probable, that this tendency to reversion 
may have been increased, as it is manifestly of service 
to the plant. 

Summary of Chapter. 

A part or organ may be called sensitive, when its 
irritation excites movement in an adjoining part. Now 
it has been shown in this chapter, that the tip of the 
radicle of the bean is in this sense sensitive to the 
contact of any small object attached to one side by 
shellac or gum-water ; also to a slight touch with dry 
caustic, and to a thin slice cut oft one side. Ihe 
radicles of the pea were tried with attached objects 
and caustic, both of which acted. ith Pliaseolus 
muUijlorus the tip was hardly sensitive to small squares 
of attached card, but was sensitive to caustic and to 
slicing. The radicles of Tropffiolum were highly sen- 
sitive to contact ; and so, as far as we could judge, 
were those of Gossijjnum herbaceum, and they were 
certainly sensitive to caustic. The tips of the radicles 
of Cucurhita ovifera were likewise highly sensitive to 
caustic, though only moderately so to contact. Ra- 
phanus sativus offered a somewhat doubtful case. 
With iEsculus the tips were quite indifferent to 
bodies attached to them, though sensitive to caustic. 
Those of Quercus rchur and Zea mays were highly sen- 
sitive to contact, as were the radicles of the latter 
to caustic. In several of these cases the difference in 
sensitiveness of the tip to contact and to caustic was, 
as we believe, merely apparent ; for with Gossypium, 
Ilaphanus, and Cucurhita, the tip was so fine and 
flexible that it was very diflScult to attach any object 
to one of its sides. With the radicles of iEscultis, 
the tips were not at all sensitive to small bodies 
attached to them ; but it does not follow from this 
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fact that they would not have been sensitive to some- 
what greater continued pressure, if this could have 
beetf applied. 

The peculiar form of sensitiveness winch we are 
here considering, is confined to the tip of the radicle 
for a length of from 1 mm. to 1 ■ 5 mm. When this 
part is irritated by contact with any object, by caustic, 
or by a thin slice being cut off, the upper adjoining 
part of the radicle, for a length of from 6 or 7 to 
even 12 mm., is excited to bend away from the side 
which has been irritated. Some influence must there- 
fore be transmitted from the tip along the radicle for 
this length. The curvature thus caused is generally 
symmetrical. The part which bends most apparently 
coincides witli that of the most rapid growth. The 
tip and the basal part grow very slowly and they 
bend very little. 

Considering the widely separated position in the 
vegetable scries of the several above-named genera, 
we may conclude that the tips of the radicles of all, or 
almost all, plants are similarly sensitive, and transmit 
an influence causing tlie upper part to bend. With 
respect to the tips of the secondary radicles, those of 
Vida faha, Pisim sativum, and Zea mays were alone 
observed, and they were found similarly sensitive. 

In order that tliese movements should be properly 
displayed, it appears necessary that the radicles 
should grow at their normal rate. If subjected to a 
high temperature and made to grow rapidly, the • 
tips seem either to lose their sensitiveness, or the 
upper part to lose the power of bending. So it 
appears to be if they grow very slowly from not being 
vigorous, or from being kept at too low a temperature ; 
also when they are forced to germinate in the middle 
of the winter. 
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The curvature of the radicle sometimes occurs 
within from 6 to 8 hours after the tip has been irritated, 
and almost always within 24 h., excepting in the 
case of the massive radicles of iEsculus. The curva- 
ture often amounts to a rectangle, — that is, the ter- 
minal part bends upwards until the tip, wliich is hut 
little curved, projects almost horizontally. Occa- 
sionally the tip, from the continued irritation of the 
attached object, continues to bend up until it forms a 
hook with the point directed towards the zenith, or 
a loop, or even a spire. After a time the radicle 
apparently becomes accustomed to the irritation, as 
occurs in the case of tendrils, for it again grows down- 
wards, although the bit of card or other object may 
remain attached to the tip. 

It is evident that a small object attached to the free 
point of a vertically suspended radicle can off^r no 
mechanical resistance to its growth as a whole, for the 
object is carried downwards as the radicle elongates, 
or upwards as the radicle curves upwards. Nor can 
the growth of the tip itself be mechanically checked 
by an object attached to it by gum-water, which 
remains all the time perfectly soft. The weight of 
the object, though quite insignificant, is opposed 
to the upward curvature. We may therefore conclude 
that it is the irritation due to contact which excites 
the movement. The contact, however, must be pro- 
longed, for the tips of 15 radicles were rubbed for a 
short time, and this did not cause them to bend. Here 
then we have a case of specialised sensibility, like 
that of the glands of Drosera ; for these are ex- 
quisitely sensitive to the slightest pressure if prolonge<l, 
but not to two or three rough touches. 

AVhen the tip of a radicle is lightly touched on one 
side with dry nitrate of silver, the injury caused is 
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very slight, and the adjoining upper part bends away 
from the cauterised point, with more certainty in most 
cases than from an object attached on one side. Here 
it obviously is not the mere touch, but the effect 
produced by the caustic, which induces the tip to 
transmit some influence to the adjoining part, causing 
it to bend away. If one side of the tip is badly 
injured or killed by tlie caustic, it ceases to grow, 
whilst the opposite side continues growing ; and the 
result is that the tip itself bends towards the injured 
side and often becomes completely hooked ; and it is 
remarkable that in this case the adjoining upper part 
does not bend. The stinudus is too powerful or the 
shock too great for the proper influence to bo trans- 
mitted from the tip. "We have strictly analogous cases 
with Drosera, Dionma and Pinguicula, with which 
plants a too powerful stimulus does not excite the 
tentacles to become incurved, or the lobes to close, or 
the margin to be folded inwards. 

ith respect to the degree of sensitiveness of the 
apex to contact under favourable conditions, we have 
seen that with ^ icia faba a little square of writing- 
paper affixed with shellac sufficed to cause move- 
ment ; as did on one occasion a square of merely 
damped goldbeaters’ skin, but it acted very slowly. 
Short bits of moderately thick bristle (of which mea- 
surements have been given) affixed with gum- water 
acted in only three out of eleven trials, and beads of 
dried shellac under ^^^th of a grain in weight acted 
only twice in nine cases; so that here we have 
nearly reached the minimum of necessary irrita- 
tion. The apex, therefore, is much less sensitive to 
pressure than the glands of Drosera, for these are 
uffecced by far thinner objects than bits of bristle, 
and by a very much less weight than ^Lfjth of a grain. 
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But the most interesting evidence of the delicate 
sensitiveness of the tip of the radicle, was aflbrded by 
its power of discriminating between equal-sized squares 
of card-like and very thin paper, when these were 
attached on opposite sides, as was observed with the 
radicles of the bean and oak. 

When radicles of the bean are extended horizon- 
tally with squares of card attached to the Zower sides of 
their tips, the irritation thus caused was always con- 
quered by geotropism, which then acts under the most 
favourable conditions at right angles to the radicle. 
But when objects were attached to the radicles of and 
of the above-named genera, suspended vertically, the 
irritation conquered geotropism, which latter power 
at first acted obliquely on the radicle ; so that the 
immediate irritation from the attached object, aided 
by its after-effects, prevailed and caused the radicle 
to bend upwards, until sometimes the point ;^as 
directed to the zenith. We must, however, assume 
that the after-effects of the irritation of the tip by an 
attached object come into play, only after movement 
has been excited. The tips of the radicles of the pea 
seem to be more sensitive to contact than those of the 
bean, for when they were extended horizontally with 
squares of card adhering to their lower sides, a most 
curious struggle occasionally arose, sometimes one 
and sometimes the other force prevailing, but ulti- 
mately geotropism was always victorious ; neverthe- 
less, in two instances the terminal part became so 
much curved upwards that loops were subsequently 
formed. With the pea, therefore, the irritation from 
an attached object, and from geotropism when acting 
at right angles to the radicle, are nearly balanced 
forces. Closely similar results were observed with the 
horizontally extended radicles of Cucurbita ovifera, 
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when their tips were slightly cauterised on the lower 
side. 

Finally, the several co-ordinated movements by 
which radicles are enabled to perform their proper 
functions are admirably perfect. In whatever direc- 
tion the primary radicle first protrudes from the seed, 
geotropism guides it perpendicularly downwards ; and 
the capacity to be acted on by the attraction of 
gravity resides in the tip. But Sachs has proved* 
that the secondary radicles, or those emitted by the 
primary one, are acted on by geotropism in such a 
manner that they tend to bend only obliquely down- 
wards. If they had been acted on like the primary 
radicle, all the radicles would have penetrated the 
ground in a close bundle. AVe have seen that if 
the end of the primary radicle is cut off or in- 
jured, the adjoining secondary radicles become geo- 
tropic and grow vertically downwards. This power 
must often be of great service to the plant, when the 
primary radicle has been destroyed by the larva? of 
insects, burrowing animals, or any other accident. The 
tertiary radicles, or those emitted by the secondary 
ones, are not influenced, at least in the case of the 
bean, by geotropism ; so they grow out freely in all 
directions. From this manner of growth of the various 
kinds of radicles, they are distributed, together with 
their absorbent hairs, throughout the surrounding soil, 
as Sachs has remarked, in the most advantageous 
manner ; for the whole soil is thus closely searched. 

Geotropism, as was shown in the last chapter, 
excites the primary radicle to bend dow nwards with 
very little force, quite insufficient to penetrate the 
ground. Such penetration is effected by the pointed 



* ‘ Arbeiten Bot. Institnt., Wurzburg,’ Heft iv. 1874, pp. 605-631. 
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apex (protected by the root-cap) being pressed down 
by the longitudinal expansion or growth of the ter- 
minal rigid portion, aided by its transverse expan- 
sion, both of which forces act powerfully. It is, 
however, indispensable that the seeds should be at 
first held down in some manner. When they lie 
oil the bare surface they are held down by the attach- 
ment of the root-hairs to any adjoining objects ; and 
this apparently is eflfected by the conversion of 
their outer surfaces into a cement. But many seeds 
get covered up by various accidents, or they fall into 
crevices or holes. With some seeds their own weight 
suffices. 

The circumnutating movement of the terminal grow- 
ing part both of the primary and secondary radicles 
is so feeble that it can aid them very little in pene- 
trating the ground, excepting when the supecficial 
layer is very soft and damp. But it must aid them 
materially when they happen to break obliquely into 
cracks, or into burrow's made by earth-w'orms or larvje. 
This movement, moreover, combined with the sen- 
sitiveness of the tip to contact, can hardly fail to be 
of the highest importance ; for as the tip is always 
endeavouring to bend to all sides it will press on all 
sides, and will thus be able to discriminate between 
tlie harder and softer adjoining surfaces, in the same 
manner as it discriminated between the attached 
squares of card-like and thin paper. Consequently it 
will tend to bend from the harder soil, and will thus 
follow the lines of least resistance. So it will be if it 
meets with a stone or the root of another plant in the 
soil, as must incessantly occur. If the tip were not 
sensitive, and if it did not excite the upper part of the 
root to bend away, whenever it encountered at right 
angles some obstacle in the ground, it would be liable 
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to be doubled up into a contorted mass. But we have 
seen with radicles growing down inclined plates of 
glass, that as soon as the tip merely touched a slip of 
wood cemented across the plate, the whole terminal 
growing part curved away, so that the tip soon stood 
at right angles to its former direction ; and thus it 
would be with an obstacle encountered in the ground, 
as far as the pressure of the surrounding soil would 
permit. We can also understand why thick and strong 
radicles, like those of jiEsculus, should be endowed 
with less sensitiveness than more delicate ones ; for 
the former would be able by the force of their growth 
to overcome any slight obstacle. 

After a radicle, which has been deflected by some 
stone or root from its natural downward course, 
reaches the edge of the obstacle, geotropism will direct 
it to grow again straight downward ; but we know that 
geotropism acts with very little force, and here another 
excellent adaptation, as Sachs has remarked,* comes' 
into play. For the upper part of the radicle, a little 
above the apex, is, as we have seen, likewise sensitive ; 
and this sensitiveness causes the radicle to bend like a 
tendril towards the touching object, so that as it rubs 
over the edge of an obstacle, it will bend downwards ; 
and the curvature thus induced is abrupt, in which 
respect it differs from that caused by the irritation of 
one side of the tip. This downward bending coincides 
with that due to geotropism, and both will cause the 
root to resume its original course. . 

As radicles perceive an excess of moisture in the air 
on one side and bend towards this side, we may infer 
that they will act in the same manner with resjject to 
moisture in the earth. The sensitiveness to moisture 

* ‘ Arbviten But. Inst. Wiitzburg,’ Heft lii. p. tee. 
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resides in the tip, which determines the bending of 
the upper part. This capacity perhaps partly accounts 
for the extent to which drain-pipes often become 
choked with roots. 

Considering the several facts given in this chapter, 
we see that the course followed by a root through 
the soil is governed by extraordinarily complex and 
diversified agencies, — by geotropism acting in a 
different manner on the primary, secondary, and ter- 
tiary radicles, — by sensitiveness to contact, different in 
kind in the apex and in the part imme.-diatcly above 
the apex, and apparently by sensitiveness to the 
varying dampness of different parts of the soil. 
These several stimuli to movement are all more 
powerful than geotropism, when this acts obliquely 
on a radicle, which has been deflected from its perpen- 
dicular downward course. The roots, moreover, of 
most plants are excited by light to bend either’ to or 
from it ; but as roots are not naturally exposed to the 
light it is doubtful whether this sensitiveness, which is 
perhaps only the indirect result of the radicles being 
liighly sensitive to other stimuli, is of any service to 
the plant. The direction which the apex takes at eacli 
successive period of the growth of a root, ultimately 
determines its whole course ; it is therefore highly 
important tliat tlie apex should pursue from the first 
the most advantageous direction ; and we can thus 
understand why sensitiveness to geotropism, to contact 
and to moisture, all reside in the tip, and why the tip 
determines the upper growing part to bend either 
from or to the exciting cause. A radicle may be 
compared with a burrowing animal such as a mole, 
which wishes to penetrate perpendicularly down into 
the ground. By continually moving his head from 
side to side, or circumnutating, he will feel any stone 
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or other obstacle, as well as any difierence in the 
hardness of the soil, and he will turn from that side ; 
if the earth is damper on one than on the other side 
he will turn thitherward as a better hunting-ground. 
Nevertheless, after each interruption, guided by the 
sense of gravity, he will be able to recover his down- 
ward course and to burrow to a greater depth. 
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CHAPTEE IV. 

The Circtmnttating Movements op the seveeal parts op 
Mature Plants. 

Circumnutntion of stems : concluding remarks on— Circumnutntiou of 
stolons : aid thus afforded in winding amongst the stems of sur- 
rounding plants — Circumnutation of flower-stems — Circumnulation 
of Dicotyledonous leaves — Singular oscillatory movement of leaves 
of Dionaea — Leaves of Cannabis sink at night — Leaves of G3rmno- 
sperms— Of Monocotvlc-dons — Cryptogams — Concluding remarks 
on the circumnutation of leaves : generally rise in the evening and 
sink in the morning. 

We have seen in the first chapter that the steins of all 
seedlings, whether hypocotyls or epicotyls, as well as 
the cotyledons and the radicles, are continually cir- 
cumnutating — that is, they grow first on one side and 
then on another, such growth being probabiy preceded 
by increased turgescence of the ceils. As it was 
unlikely that plants should change their manner of 
growth with advancing age, it seemed probable that 
the various organs of all plants at all ages, as long as 
they continued to grow, would be found to circum- 
nutate, though perhaps to an extremely small extent. 
As it was important for us to discover whether this 
was the case, we determined to observe carefully a 
certain number of plants which were growing vigor- 
ously, and which were not known to move in any 
manner. We commenced with stems. Observations 
of this kind are tedious, and it appeared to us that it 
would be sufficient to observe the stems in about a 
score of genera, belonging to widely distinct families 
and inhabitants of various countries. Several plants 
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were selected which, from being woody, or for other 
reasons, seemed the least likely to circumnutate. The 
observations and the diagrams were made in the 
manner described in the Introduction. Plants in 2)ots 
were subjected to a proper temperature, and whilst 
being observed, were kept either in darkness or were 
feebly illuminated from above. They are arranged 
in the order adopted by Hooker in Le Maout and 
Decaisne’s ‘ System of Botany.’ The number of the 
family to which each genus belongs is apjiended, as 
this serves to show the place of each in the series. 

(1.) IberU umhcUata (Crueiferae, Fam. 14).— The movement of 
the stem of a young plant, 4 inches in height, consisting of 
four internodes (the hypocotyl included) besides a large bud 

Fig 70. 




on the summit, was traced, as here shown, during 21 h. 
(Fig. 70). As far as we could judge the uppermost inch alono 
of the stem circumnutated, and this in a simple manner. The 
movement was slow, and tho rate very unequal at different 
times. In part of its coui-se an irregular ellipse, or rather 
triangle, was completed in 6 h. 30 m. 

(2.) Brassica oleracea (Cruciferte).— A very young plant, bearing 
three leaves, of which the longest was only three-quarters of an 
inch in length, was placed under a microscope, furnished with 
an eye-piece micrometer and the tip of the largest leaf was 
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■found to l)e in constant movement. It crossed five divisions of 
the micrometer, that is, ^-^th of an inch, in 6 m. 20 s. There 
could hardly be a doubt that it was the stem which chiefly 
moved, for the tip did not get quickly out of focus; and this 
would have occurred had the movement been confined to the 
leaf, which moves up or down in nearly the same vertical plane. 

(3.) Liitum usitatissimum (Linete, Fam. 39). — The stems of this 
plant, shortly before the flowering period, are stated by Fritz 
Muller (‘Jenaische Zeitschrift,’ B. v. p. 137) to revolve, or 
circumnutate. 

(4.) Pelanjonium zonah (Geraniacece, Fam. 47).— A young 
plant, 7s inches in height, was observed in the usual manner'; 
but, in order to see the bead at the end of the glass filament 







Pclarqonium zonale: circumnutation of stem of young plant, feebly illu- 
minated from above. Movement of bead m.ignitied about 11 times • 
traced on a horizontal glass from noon on March 9th to 8 A a on 
the 11th. 



and at the same time the mark beneath, it was necessary to cut 
off three leaves on one side. We do not know whether it was 
owing to this cause, or to the plant having previously become 
bent to one side through heliotropism, but from the morning of 
the 7th of March to 10.30 p.m. on the 8th, the stem moved 
a considerable distance in a zigzag line in the same general 
direction. During the night of the 8th it moved to some 
distance at right angles to its former course, and next morning 
(9th) stood for a time almost still. At noon on the 9th a new 
tracing was begun (see Fig. 71), which was continued till 8 a.m. 
on the 11th. Between noon on the 9th and 5 p.m. on the 10th 
(i.e. in the course of 29 h.), the stem described a circle. This 
plant therefore circumnutates, but at a very slow rate, and to a 
small extent. 

(5.) Tropadiim rmijus (?) (dwarfed var. called Tom Thumb) ; 
(Geraniaceas, Fam. 47).— The species of this genus cUmb by the 



© The Complete Work of Charles Darwin Online 



204 CIBCUMNUTATIOX OF STEMS. Chap. IV. 

aid of their sensitive petioles, but some of them also twine 
round supports ; but even these latter species do not begin to 
circumnutate in a conspicuous manner whilst young. The 



7ro^o/«m circunmntation of stem of young plant, traced on a 

horizontal glass from 9 a.m. Dec. 26th to 10 a m on ‘>^7th 
M bead m.agnified about 5 times, and here red.med t“o half of odginal 



variety here treatei of has a rather thick stem, and is so dwarf 
that apparently it does not climb in any manner. We there- 
fore wished to ascertain whether the stem of a young plant, 

Fie 73 consisting of two in- 

ternodes, together 3 '2 
inches in height, cir- 
cumnutated. It was 
observed during 25 h., 
and we see in Fig. 72 
that the stem moved in 
a zigzag course, indicat- 
ing circumnutation. 

(G.) Trifolium resupi- 
natum (Leguminosse, 
Fam. 75). — When we 
treat of the sleep of 
jilants, we shall see that 
the stems in several 
TrifoUum res'ipinaium ; circumnutation M genera, for 

stem, traced on vertical glass from 9.30 instance, those of Hedy- 
A.M. to 4.30 p.M. Nov. 3rd. Tracing not sarum. Mimosa Meli- 
greatly magniKel, reduced to half of ji 

original size. Pl.ant feebly illuminated which are not 

from above. climbers, circumnutate 

_ inaconspicuousmanner. 

VVe will here give only a single instance (Fig. 73), showing 
the circumnutation of the stem of a large plant of a clover 
Ti i/ohum resupinatum. In the course of 7 h. the stem changed 
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its course greatly eight times and completed three irregular 
circles or ellipses. It therefore circumnutated rapidly. Somf 
of the lines rim at right angles to one another. 




Subus (hyboid) : cirenmnntation of stem, traced on horizontal glass, from 
4 P.M. March 14th to 8.30 A.M. 16th. Tracing much magnified, re- 
duced to half of original size. Plant illuminated feebly from above. 



(7.) Rubus idcmis (hybrid) (Rosacese, Fam. 76). — As tve hap- 



Fig. 75. 



pened to have a young plant, 11 inches 
in height and growing vigorously, 
which had been raised from a cross 
between the ra.spberry (Rubus ideeus) 
and a North American Rubus, it was 
observed in the usual manner. During 
the morning of March 14th the stem 
almost completed a circle, and then 
moved far to the right. At 4 p.m. it 
reversed its course, and now a fresh 
tracing was begun, which was con- 
tinued during 40i h., and is given in 
Fig. 74. We here have well-marked 
circumnutation. 

(8.) Deutzia gracilis (Saxifrage®, 

Fam. 77).— A. shoot on a bush about 
18 inches in height was observed. The 
bead changed its course greatly eleven 
times in the course of 10 h. 30 m. 

(Fig. 75), and there could be no 
doubt about the circumnutation of the 
stem. 

(9.) Fuchsia (greenhouse van, with 
large flowers, probably a hybrid) (Ona- 
grarie®, Fam. 100).— A young plant, 

15 inches in height, was observed during nearly 48 h. The 




zontiil glass, from 8.30 
A.M. to 7 P.M. March 20th. 
Movement of bead origin- 
ally magnified about 20 
times, here reduced to 
half scale. 
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accompanying figure (Fig. 76) gives the necessary particulare, 
and shows that the stem circumnutated, though rather 
slowly. 



Fig. 76. 




(10.) Cereus speriocissimvs (garden var., sometimes called 
Phyllocactus multiflorus) (Cacteae, Para. 109).— This plant 
which was growing vigorously from having been removed a 
tew clays before from the greenhouse to the hot-house, was 
observed with especial interest, as it seemed so little probable 
that the stem would circumnutate. The branches are flat or 
flabel iform; but some of them are triangular in section, with 
the three sides hollowed out. A branch of this latter shape, 
9 inches in length and 11 in diameter, was chosen for observa- 
hon, as less likely to circumnutate than a flabelliform branch. 
The movement of the bead at the end of the glass filament, 
alhxed to the summit of the branch, was traced (A, Fig. 77) 
from 9^23 A.M. to 4.30 p.m. on Nov. 23rd, during which time it 
changed its coui-se greatly six times. On the 24th another 
tracing was made (see B), and the bead on this day changed its 
course oftenor making in 8 h. what may be considered ^ four 
ellipses, with their longer axes differently directed. The position 
of the stem and its commencing course on the following 
oi-ning are likewise shown. There can be no doubt that this 
branch, though appearing quite rigid, circumnutated -but the 
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extreme amount of movement during the time was very small, 
probably rather less than the ^th of an inch. 

Fig. 77. 




(11.) ned-n-a ulix (Araliacese, Fam. 114). — The stem is known 
to be apheliotropic, and several seedlings growing in a pot in 
the greenhouse became bent in the middle of the summer at 
right angles from the light. On Sept. 2nd some of these stems 
were tied up so as to stand vertically, and were placed before 
a north-east window; but to our surprise they were now 
decidedly heliotropic, for during 4 days they curved them- 
selves towards the light, and their course being traced on a 
horizontal glass, was strongly zigzag. During the 6 succeed- 
ing days they circumnutated over the same small space at a 
slow rate, but there could bo no doubt about their circumnuta- 
tion. The plants were kept exactly in the same place before the 
window, and after an interval of 15 days the stems were 
again olrserved during 2 days and their movements traced, and 
10 



© The Complete Work of Charles Darwin Online 



208 CIRCUMNUTATION OF STEMS. Chap. IV. 

they were found to be still circnmnutating, but on a yet smaller 
scale. 

(12.) Gazania r ingens (Coinjwsitas, Fnm. 122).— The circum- 
nutation of the stem of a young plant, 7 inches in height, as 
measured to the tip of the highest leaf, was traced during 
33 h.. and is shown in the accompanying figure (Fig. 78). Two 



Fig. 78. 




Gazania ringens: circuninutation of stem traced from 9 A.M. March 21»t 
to 6 P.M. on 22nd ; pl.int kept in darkne.ss. Movement of head at the 
close of the observations magnified 3d times, here reduced to half the 
original sc.ale. 

main lines may be observed running at nearly right angles to 
two other main lines; but these are interrupted by small 
loops. 

(13.) Azalea Indica (Ericinete, Fam. 128). — A bush 21 inches 
in height was selected for observation, and the circumnutation 
of its leading shoot was traced during 26 h. 40 m., as shown 
in the following figure (Fig. 79). 

(14.) Plumbago Capensis (Plumliagine®, Fam. 134).— A small 
lateral branch which projected from a tall freely growing bnsh, 
at an angle of 35° above the horizon, was selected for obser- 
vation. For the first 11 h. it moved to a considerable distance 
in a nearly straight line to one side, owing probably to its 
having been previously deflected by the light whilst standing in 
the greenliouse. At 7.20 p.m. on March 7th a fresh tracing was 
begun and continued for the next 43 h. 40 m. (see Fig. 80). 
During the first 2 h. it followed nearly the same direction ns 
before, and then changed it a little; during the night it 
moved at nearly right angles to its previous course. Next 
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day (8th) it zigzagged greatly, and on the 9th moved irregu- 
larly round and roimd a small circular spa<;p. By 3 p.m. on 
the 9th the figure had become so complicated that no more dots 
could be made ; but the shoot continued during the evening of 
the 9th, the whole of the 10th, and the morning of the 11th to 



Fig. 79. 




Fig. 80. 




circumnutate over the same small space, which was only about 
the 5>gth of an inch (’97 mm.) in diameter. Although this 
branch circumnutated to a very small extent, yet it changed its 
course frequently. The movements ought to have been more 
magnified. 

(15.) Aloysia citriodora fVerbenacesB, Fam. 173). — The follow- 
ing figure (Fig. 81) gives the movements of a shoot during 
P 
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31 h. 40 m., and shows that it circumnutated. The bush was 
15 inches in height. 




(16.) Verbena melindrea (?)(a scarlet-flowered herbaceous var.; 
(Verbenaceae). — A shoot 8 inches in height had been laid hori- 
zontally, for the sake of observing its apogeotropism, and the 
terminal portion had grown vertically upwards for a length of 
li inches. A glass filament, with a bead at the end, was fixed 



Fig. 82 . 




upright to the tip, and its movements were traced during 
41 h. 30 m. on a vertical glass (Fig. 82). Under these circum- 
stances the lateral movements were chiefly shown ; but as the 
lines from side to side are not on the same level, the shoot 
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must have moved in a plane at right angles to that of the lateral 
movement, that is, it must have circumnutated. On the next day 
(6th) the shoot moved in the course of 16 h. four times to the right, 
and four times to the left ; and this apparently represents the 
formation of four ellipses, so that each was completed in 4 h. 

(17.) Ceratophyllum demersum (Ceratophyllea!, Fam. 220). — An 
interesting account of the movements of the stem of this water- 
plant has been published by M. E. Eodier.* The movements are 
confined to the young internodes, becoming less and less lower 
down the stem ; and they are extraordinary from their amplitude. 
The stems sometimes moved through an angle of above 200’ in 
6 h., and in one instance through 220° in 3 h. They generally 
bent from right to left in the morning, and in an opposite direc- 
tion in the afternoon ; but the movement was sometimes tempo- 
rarily reversed or quite arrested. It was not affected by light. 
It does not appear that M. Eodier made any diagram on a hori- 
zontal plane representing the actual course pursued by the 
apex, but he speaks of the “ branches executing round their 
axes of growth a movement of torsion.” From the particulars 
above given, and remembering in the case of twining plants and 
of tendrils, how difficult it is not to mistake theii- bending to all 
points of the compass for true torsion, we are led to believe that 
the stems of this Ceratophyllum circumnutate, probably in the 
shape of narrow ellipses, each' completed in about 26 h. The 
following statement, however, seems to indicate something 
different from ordinary circumnutation, but we cannot fully 
understand it. M. Eodier says : “ II est alors facile de voir que 
le mouvement de flexion se produit d’abord dans les m6rithalles 
superieurs, qu’il so propage enmik, on s’amoindrissant du huut 
en has; tandis qu'au contrairc le mouvement de redressertifnt 
commence par la partic inferieure pour so terminer h la partio 
superietiro qui, quelquefois, peu de temps avant do so relever 
tout a fait, forme aveo I’axe un angle tres aigu.” 

(18.) Coui/rrw. — Dr. Maxwell Masters states (‘ Journal Linn. 
Soc.,’ Dec. 2nd, 1879) that the leading shoots of many Coniferm 
during the season of their active growth exliibit very remark- 
able movements of revolving nutation, that is, they circumnu- 
tato. We may feel sure that the lateral shoots whilst growing 
would exhibit the same movement if carefully observed. 



* ‘Comptes Renilus,’ April 30tli. 1S77. AIm a second notice 
published separately in Bouideaux, Nov. 12th, li<77. 
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(19.) Lilium auratum (Fam. Liliaceae). — The circumrmtation 




Liltum auratum: ciroumnutation of a stem in darkness, traced on a horizontal 
glass, from 8 A.M. on March 14th to 8.35 a.m. on 16th. But it should 
be noted that our observations were interrupted between 6 P.M. on the 
14th and 12.15 P.M. on 15th, and the movements during this interval 
of 18 h. 15 m. are represented by a long broken line. Diagram reduced 
to half original scale. 

of the stem of a plant 21 inches in height is represented in the 
above figure (Fig. fc3). 




Cyperus alternif alius ; ciroumnutation of stem, illuminated from above, 
traced on horizontal glass, from 9.45 a.m. March 9th to 9 P.M. on 10th. 
The stem grew so rapidly whilst being observed, that it was not possible 
to estimate how much its movements were magnified in the tracing. 

(20.) Cyprrus alternifolius (Fam. Cyperacese.) — A glass 
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filament, with a bead at the end, was fixed across the summit 
of a young stem 10 inches in height, close beneath the crown of 
elongated leayes. On March 8th, between 12.20 and 7.20 p.m., 
the stem described an ellipse, open at one end. On the follow- 
ing day a new tracing was begun (Fig. 84), which plainly shows 
that the stem completed three irregular figures in the course of 
35 h 15 m. 

Conchuling Remarl:s on the Circumnuiation of Stems . — 
Any one who will inspect the diagrams now given, and 
will bear in mind the widely separated position of the 
plants described in the series, —remembering that we 
have good grounds for the belief that the hypocotyls 
and epicotyls of all seedlings circumuutate,— not 
forgetting the number of plants distributed in the 
most distinct families which climb by a similar move- 
ment,— will probably admit that the growing stems 
of all plants, if carefully observed, would be found 
to circumuutate to a greater or less extent. When 
we treat of the sleep and other movements of plants, 
many other cases of circumnutating stems will be 
incidentally given. In looking at the diagrams, we 
should remember that the stems were always growing, 
so that in each civse the circumnutating apex as it 
rose will have described a spire of some kind. The 
dots were made on the glasses generally at intervals 
of an hour, or hour and a half, and were then joined 
by straight lines. If they had been made at intervals 
of 2 or 3 minutes, the lines would have been more 
cun'ilinear, as in the case of the tracks left on the 
smoked glass-plates by the tips of the circumnutating 
radicles of seedling plants. The diagrams generally 
approach in form to a succession of more or less 
irregular ellipses or ovals, with their longer axes 
directed to different points of the compass during the 
same day or on succeeding days. The stems there- 
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fore, sooner or later, bend to all sides; but after a 
stem has bent in any one direction, it commonly 
bends back at first in nearly, though not quite, the 
opposite direction ; and this gives the tendency to 
the formation of ellipses, which are generally narrow, 
but not so narrow as those described by stolons and 
leaves. On the other hand, the figures sometimes 
approach in shape to circles. Whatever the figure 
may be, the course pursued is often interrupted by 
zigzags, small triangles, loops, or ellipses. A stem 
• may describe a single large ellipse one day, and 
two on the next. With different plants the com- 
plexity, rate, and amount of movement differs 
much. The stems, for instance, of Iberis and Azalea 
described only a single large ellipse in 24 h. ; 
whereas those of the Deutzia made four or five deep 
zigzags or narrow ellipses in 11^ h., and those of the 
Trifolium three triangular or quadrilateral figures 
in 7 h. 

CiRCUMNUTATION OF StOLONS OR RuNSERS. 

Stolons consist of much elongated, flexible branches, 
which run along the surface of the ground and form 
roots at a distance from the parent-plant. They are 
therefore of the same homological nature as stems ; 
and the three following cases may be added to the 
twenty previously given cases. 

Fra/jaria (cultivated garden var.) : Bomcece . — A plant growing 
in a pot had emitted a long stolon ; this was supported by a 
stick, so that it projected for the length of several inches hori- 
zontally. A glass filament bearing two minute triangles of 
paper was affixed to the terminal bud, which was a little up- 
turned ; and its movements were traced during 21 h., as shown 
in Fig. 85. In the course of the first 12 h. it moved twice up 
and twice down in somewhat zigzag lines, and no doubt tra- 
velled in the same manner during the night. On the following 
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morning after an interval of 20 h. the apex stood a little higher 
than it did at first, and this shows that the stolon had not been 



Fig. 85. 




acted on witlun this time by geotropism;* nor had its own 
weight caused it to bend downwards. 

On the following morning (19th) the glass filament was 
detached and refixed close behind the bud, as it appeared pos- 
sible that the circumnutation of the terminal hud and of the 
adjoining part of the stolon might he different. The movement 
was now traced during two consecutive days (Fig. 86). During 
the first day the filament travelled in the course of 14 h. 30 m. 
five times up and four times down, besides some lateral move- 
ment. On the 20th the course was even more complicated, and 
can hardly be foUowed in the figure ; but the filament moved in 
16 h. at least five times up and five times down, with very little 



• Dr. A. B. Frank states (‘ Die 
Naturliche wagerechte Richtung 
von Pflanzentheilen,’ 1870, p. 20) 
that the stolons of this plant are 
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lateral deflection. The first and last dots made on this second 
day, viz., at 7 a.m. and 11 p.m., wre close together, showing 
that the stolon had not fallen or risen. Nevertheless, by com- 
paring its position on 
Fig. 86. the morning of the 19th 

and 21st, it is obvious 
that the stolon had sunk ; 
and this may be attri- 
buted to slow bending 
down either from its own 
weight or from geotro- 
pism. 

During a part of the 20th 
an orthogonal tracing was 
made by applying a cube 
of wood to the vertical 
glass and bringing the 
apex of the stolon at suc- 
cessive periods into a line 
with one edge; a dot 
being made each time on 
the glass. This tracing 
therefore represented very 
nearly the actual amount 
of movement of the apex ; 
and in the course of 9 h. 
the distance of the ex- 
treme dots from one an- 
other was '45 inch. By 
the same method it was 
ascertained that the apex 
moved between 7 a.m. on 
the 20th and 8 a.m. on the 
Fragaria : circumnutation of the .same stolon 21st a distance of ’82 inch, 
as in the last figure, obseijcd in the same ^ younger and shorter 
manner, and traced from 8 A.M. May 19th , , ^ . 

to 8 A.M. 21st. stolon was supported so 

that it projected at about 
45° above the horizon, and its movement was traced by the 
same orthogonal method. On the first day the apex soon 
rose above the field of vision. By the next morning it had 
sunk, and the course pursued was now traced during 14 h. 
30 m. (Fig. 87). The amount of movement was almost the same. 




© The Complete Work of Charles Darwin Online 



Chat. IV. CIRCUMNUTATION OF STOLONS. 



217 



from side to side as up and down ; and differed in this respect 
remarkably from the movement in the previous cases. During 
the latter part of the day, viz., between 3 and 10.30 p.m., the 

Fig. 87. 







actual distance travelled by the apex amounted to 115 inch ; 
and in the course of the whole day to at least 2'67 inch. This 
is an amoimt of movement almost comparable with that of 
some climbing plants. The same stolon was observed on the 
following day, and now it moved in a somewhat less complex 
manner, in a plane not far from vertical. The extreme amount 
of actual movement was 1’55 inch in one direction, and -6 inch 
in another direction at right angles. During neither of these 
days did the stolon bend downwards thi-ough geotropism or its 
own weight. 

Four stolons still attached to the plant were laid on damp 
sand in the back of a room, with their tips facing the north-east 
windows. They were thus placed because De Vries says * that 
they are apheliotropic when exposed to the light of the sun ; but 
we could not perceive any effect from the above feeble degree of 
illumination. We may add that on another occasion, late in the 
summer, some stolons, placed upright before a south-west window 



♦ ‘ Arbciten Bot. Inst., Wurzburg,’ 1872, p. 434. 
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on a cloudy day, became distinctly curved to-wards the light, and 
wore therefore heliotropic. Close in front of the tips of the 
prostrate stolons, a crowd of very thin sticks and the dried 
haulms of grasses were driven into the sand, to represent the 
crowded stems of surrounding plants in a state of nature. This 
was tlone for the sake of observing how the growing stolons 
would pass through them. They did so easily in the course of 
6 days, and their circumnutation apparently facilitated their 
passage. When the tips encountered sticks so close together 
that they could not pass between them, they rose up and passed 
over them. The sticks and haulms were removed after the 
passage of the four stolons, two of which were found to have 
assumed a permanently sinuous shape, and two were still 
straight. But to this subject we shall recur under Saxifraga. 

Saxifraga sarmentosa (Saxifrageaj).— A plant in a suspended 
pot had emitted long branched stolons, which depended like 



Fig. 88. 




Saxifraga sarmentosa ; circumnutation of an inclined stolon, traced in 
darkness on a horizontal glass, from 7.45 A.M. April 18th to 9 A.M. on 
9th. Movement of end of stolon magnified 2-2 times. 

threads on all sides. Two were tied up so as to stand vertically, 
and their upper ends became gradually bent dowTiwards, but so 
slowly in the coiu-se of several days, that the bending was pro- 
bably due to their weight and not to geotropism. A glass fila- 
ment with little triangles of paper was fixed to the end of one of 
these stolons, which was 17i inches in length, and had already 
become much bent down, but stUl projected at a considerable 
angle above the horizon. It moved only slightly three times 
from side to side and then upwards; on the following day 
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the movement was even less. As this stolon was so long we 
thought that its growth was nearly completed, so wo tried 
another which was thicker and shorter, viz., 101 inches in length. 
It moved greatly, chiefly upwards, and changed its com-se five 
times in the course of the day. During the night it eurved so 
mueh upwards in opposition to gravity, that the movement 
could no longer he traced on the vertical glass, and a horizontal 
one had to be used. The movement was followed during the 
next 25 h., as shown in Fig. 88. Three irregular ellipses, with 
their longer axes somewhat differently dirceted, were almost 
completed in the first 15 h. The extreme actual amount of 
movement of the tip during the 25 h. was 75 inch. 

Several stolons were laid on a flat surface of damp sand, in the 
same manner as with those of the strawberry. The friction of 
the sand did not interfere with their circumnutation ; nor could 
we detect any evidence of their being sensitive to contact. In 
order to see how in a state of natiu-e they would act, when 
encoimtering a stone or other obstacle on the ground, short 
pieces of smoked glass, an inch in height, were stuck upright 
into the sand in front of two thin lateral branches. Their tips 
scratched the smoked surface in various directions ; one made 
three upward and two downward lines, besides a nearly hori- 
zontal one; the other curled quite away from the glass; but 
ultimately both surmounted the glass and pursued their original 
course. The apex of a third thick stolon swept up the glass in a 
curved line, recoiled and again came into contact with it ; it then 
moved to the right, and after ascending, descended vertically; 
ultimately it passed round one end of the glass instead of over it. 

Many long pins were next driven rather close together into 
the sand, so as to form a crowd in front of the same two thin 
lateral branches; but these easily wound their way through 
the crowd. A thick stolon was much delayed in its passage ; 
at one place it was forced to turn at right angles to its former 
course; at another place it could not pass through the pins, 
and the hinder part became bowed; it then curved upwards 
and passed through an opening between the upper part of some 
pins which happened to diverge ; it then descended and finally 
emerged through the crowd. This stolon was rendered peima- 
nently sinuous to a slight degree, and was thicker where sinuous 
than elsewhere, apparently from its longitudinal growth having 
been checked. 

Cotyledon umbilicus (Crassulace®).— A plant growing in a pan 
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of damp moss had emitted 2 stolons, 22 and 20 inches in length. 
One of these was supported, so that a length of 4J inches pro- 
jected in a straight and horizontal line, and the movement 
of the apex was traced. The first dot was made at 9.10 a.m. ; 



Fig. 8U. 




Cotyledon umbilicus: circumnutation of stolon, traced from 11.15 a.m. 
Aug. 25th to 11 A.M. 27th. Plant illuminated from above. The 
terminal internode was *25 inch in length, the penultimate 2'25, aud 
the third 3'0 inches in length. Apex of stolon stood at a distance of 
5 ‘ 75 inches from the vertical glass ; but it was not possible to ascertain 
how much the tracing was magnified, as it was not known how great 
a length of the internode circumnutated. 

the terminal portion soon began to bend downwards and con- 
tinued to do so until noon. Therefore a straight line, very 
nearly as long as the whole figure here given (Fig. 89), was first 
traced on the glass ; but the upper part of this line has not been 
copied in the diagram. The curvature occurred in the middle 
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of the penultimate internode; and its chief seat was at the 
distance of li inch from the apex; it appeared due to the 
weight of the terminal portion, acting on the more flexible 
part of the internode, and not to gedtropism. The apex after 
thus sinking down from 9.10 a.m. to noon, moved a little to the 
left; it then rose up and circumnutated in a nearly vertical 
plane until 10.35 p.m. On the following day (26th) it was ob- 
Fig. 90. 




Cotyledon umbilicus : circuranutation and downward movement of another 
stolon, traced on vertical glass, from 9.11 A.JI. Aug. 25th to 11 A.M. 27th. 
Apex close to glass, so that figure but little magnified, and here reduced 
to two-thirds of original size. 

served from 6.40 a.m. to 5.20 p.m., and within this time it moved 
twice up and twice down. On the morning of the 27th the apex 
stood as high as it did at 11.30 a.m. on the 25th. Nor did it 
sink down during the 28th, but continued to circumnutate about 
the same place. 

Another stolon, which resembled the last in almost every 
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respect, was observed during the same two days, but only two 
inches of the terminal portion was allowed to project freely and 
horizontally. On the 25th it continued from 9.10 a.m. to 1.30 p.m. 
to bend straight downwards, apparently owing to its weight 
(Fig. 90); but after this hour until 10.35 p.m. it zigzagged. 
This fact deserves notice, for we here probably see the combined 
effects of the bending down from weight and of circumnutation. 
The stolon, however, did not circumnutate when it first began 
to bend down, as may be observed in the present diagram, and 
as was still more evident in the last case, when a longer portion 
of the stolon was left unsupported. On the following day 
(26th) the stolon moved twice up and twice down, but stiU con- 
tinued to fall ; in the evening and during the night it travelled 
from some unknown cause in an oblique direction. 

We see from these three cases that stolons or 
runners circumnutate in a very com2)lex manner. The 
lines generally extend in a vertical jdane, and this 
may probably be attributed to the effect of the weight 
of the unsupported end of the stolon ; but there is 
always some, and occasionally a considerable, amount 
of lateral movement. The circumnutation is so great 
in ani2)litude that it may almost be compared wdth 
that of climbing plants. That the stolons are thus 
aided in passing over obstacles and in w inding between 
the stems of the surrounding plants, the observations 
above given render almost certain. If they had not 
circumnutated, their tips w'ould have been liable to 
have been doubled up, as often as they met with 
obstacles in their path ; but as it is, they easily avoid 
theju. This must be a considerable advantage to the 
plant in spreading from its parent-stock ; but we are 
far from suj>posing that the power has been gained 
by the stolons for this pur^iose, for circumnutation 
seems to be of universal occurrence with all growing 
parts; but it is not improbable that the amplitude 
of the movement may have been specially increased 
for this purpose. 
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CiRCUMNUTATION OF FlOWER-STEMS. 

We did not think it necessary to make any special 
observations on the circumnutation of flower-stems, 
these being axial in their nature, like stems or stolons ; 
but some were incidentally made whilst attendino- 
to other subjects, and these we will here briefly give. 
A few observations have also been made by other 
botanists. These taken together sufiSce to render it 
probable that all peduncles and sub-peduncles cir- 
cumnutate whilst growing. 

Oxalis carnosa.~Thc peduncle which springs from the thick 
and woody stem of this plant bears three or four sub-peduncles. 



Fig. 91. 




Oxa^xs carnosa : flower-stem, feebly illuminated from above, its circumnuta 
tion traced from 9 A.M. April’l3th to 9 A.M. 15th. Summit of flower 
8 inches beneath the horizontal glass. Movement probably magnifled 
about 6 times. 

A filament with little triangles of paper was fixed within the 
calyx of a flower which stood npright. Its movements were 
observed for 48 h. ; during the first half of this time the flower 
was fully expanded, and during the second half withered. The 
figure here given (Fig. 91) represents 8 or 9 ellipses. Although 
the main peduncle circumnutated, and described one large and 
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two smaller ellipses in the course of 21 h., yet the chief seat of 
movement lies in the sub-iDeduncles, which ultimately bend 
vertically downwards, as will be described in a future chapter. 
The peduncles of Oxalis aceiosella likewise bend downwards, and 
afterwards, when the pods are nearly mature, upwards; and this 
is effected by a circumnutating movement. 

It may be seen in the above figure that the flower-stem of 
O.carnosa circumnutated during two days about the same spot. 
On the other hand, the flower-stem of O. sensitiva luidergoes a 
strongly marked, daily, periodical change of position, when kept 
at a proper temperature. In the middle of the d.ay it stands 
vertically up, or at a high angle ; in the afternoon it sinks, and 
in the evening projects horizontally, or almost horizontally, 
rising again during the night. This movement continues from 
the jicriod when the flowers are in bud to when, as we believe, 
the pods are mature : and it ought perhaps to have been included 
amongst the so-called sleep-movements of plants. A tracing 
was not made, but the angles were measured at successive periods 
during one whole day ; and these showed that the movement 
was not continuous, but that the peduncle oscillated up and 
down. We may therefore conclude that it circumnutated. At 
the base of the peduncle there is a mass of small cells, forming 
a well- developed pulvinus, which is exteriorly coloured purple 
and hairy. In no other genus, as far as we know, is the peduncle 
furnished with a pulvinus. The peduncle of 0. Ortegesii behaved 
differently from that of O. sensitiva, for it stood at a less angle 
above the horizon in the middle of the day, than in the morning 
or evening. By 10.20 r.M. it had risen greatly. During the 
middle of the day it oscillated much up and down. 

Trifolium sublerraneum.—K filament was fixed vertically to 
the uppermost part of the peduncle of a young and upright 
flower-head (the stem of the plant having teen secured to a 
stick); and its movements were traced during 36 h. Within 
this time it described (see Fig. 92) a figure which represents four 
ellipses; but during the latter part of the time the peduncle 
began to tend downwards, and after 10.30 p.m. on the 24th it 
curved so rapidly down, that by 6.45 a.m. on the 25th it stood 
only 19° above the horizon. It went on circumnutating in nearly 
the same position for two days. Even after the flower-heads 
have buried themselves in the ground they continue, as will 
hereafter be shown, to circomnutate. It will also be seen in the 
next chapter that the sub-peduncles of the separate flowers of 
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Trifolium rcpens circumnutate in a complicated course during 
several days. I may add that the gynophore of Arachis hypogana. 




■which looks exactly like a peduncle, circumnutates whilst growing 
vertically downwards, in order to bury the young pod in the 
ground. 

The movements of the flowers of Cyclamen Persicum were not 
observed ; but the peduncle, whilst the pod is forming, increases 
much in length, and bows itself down by a circumnutating 
movement. A young peduncle of Maurandia semperflorens, 
1^ inch in length, was carefully observed during a whole day, 
and it made 41 narrow, vertical, irregular and short ellipses, 
each at an average rate of about 2 h. 25 m. An adjoining 
peduncle described during the same time similar, though fewer, 
ellipses.* According to Sachs t the flower-stems, whilst gro-wing, 

* ‘ The Movements and Habits 1875, p. 68. 
of Climbing Plants,’ 2nd edit., t ‘ Text-Book of Botany,’ 1875, 
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of many plants, for instance, those of Brassica napus, revolve or 
circumnutate; those oi Anium porrum bend from side to side, 
and, if this movement had been traced on a horizontal glass, 
no doubt ellipses would have been formed. Fritz Muller has 
described * the spontaneous revolving movements of the flower- 
stems of an Alisma, which he compares with those of a climbing 
plant. 

We made no observations on the movements of the different 
parts of flowers. Morren, however, has observed t in the 
stamens of Sparmannia and Cereus a “ fremissement spontanc,” 
wliich, it may be suspected, is a circumnutating movement. 
The circumnutation of the gynostemium of Stylidium, as de- 
scribed by Gad,t is highly remarkable, and apparently aids in 
the fertilisation of the flowers. The gynostemium, whilst spon- 
taneously moving, comes into contact with the viscid labellum, 
to which it adheres, until freed by the increasing tension of the 
parts or by being touched. 

We have now seen that the flower-stems of plants 
belonging to such widely different families as the 
Cruciferae, Oxalidse, Leguminosoe, Primulacese, Scro- 
phularineoB, Alismaceee, and Liliacem, circumnutate; 
and that there are indications of this movement in 
many other families. With these facts before us, 
bearing also in mind that the tendrils of not a few 
plants consist of modified peduncles, we may admit 
without much doubt that all growing flower-stems 
circumnutate. 



ClRCIlMNUTATIOX OF Le.WES : DICOTYLEDONS. 

Several distinguished botanists, Hofmeister, Sachs, 



rfeffer, De Vries, Batalin 



p. 7GG. I.inn.'GUS nnd Trevimnus 
(according to Pfeffor, ‘Die Pe- 
rindischen Bewegungen,’ &c., p. 
162) state that tlie flower-stalks 
of many plants occupy difterent 
positions by night and day, and 
we shall si e in the chapter on 
the Sleep of Plants that this im- 



Millardet, &c., have ob- 



plies circumnutation. 

* ‘Jenaische Zeitsch.,’ B. v. 
p. 133. 

t ‘ N. Mem. de TAcad. R. de 
Bruxelles,’ tom. xiv. 1841. p. 3. 

X ‘ Sitzungbericht des hot. Ve- 
reius der P. Brandenburg,’ ixi 
p. 84. 
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served, aud some of them with the greatest care, the 
periodical movements of leaves ; bat their attention 
has been chiefly, though not exclusively, directed to 
those which move largely and are commonly said to 
sleep at night. From considerations hereafter to be 
given, plants of this nature are here excluded, and 
will be treated of separately. As we wished to ascer- 
tain whether all young and growing leaves circumuu- 
tated, we thought that it would be suflicient if we 
observed between 30 and 40 genera, widely distributed 
throughout the vegetable series, selecting some un- 
usual forms and others on woody plants. All the 
plants were healthy and grew in pots. They were 
illuminated from above, but the light perhaps was not 
always sufficiently bright, as many of them were ob- 
served under a skylight of ground-glass. Except in a 
few specified cases, a fine glass filament with two minute 
triangles of paper was fixed to the leaves, a^d their 
movements were traced on a 
vertical glass (when not stated 
to the contrary) in the manner 
already described. I may repeat 
that the broken lines represent 
the nocturnal course. The stem 
was always secured to a stick, 
close to the base of the leaf 
under observation. The ar- 
rangement of the species, with Sarrncenia purpurea; circum- 
the number of the Family ap- nutation of young pitcher, 
, , . traced from 8 a.m. July :!rd 

pended, is the same as in the to lo.is a.m. 4th. femp. 
case of stems. 11°"’ ®.° 

(1.) Slarracenia purpurea (Sarr.a- niheJ. 
cencsB, Fam. 11).— A young leaf, or 

pitcher, 8J inches in height, witli the Madder swollen, but with 
the ho^ not as yet open, had a filament fixed transversely 



Fig. 93. 
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across its apex ; it was observed for 48 h., and during tbe whole 
of this time it circumnutated in a nearly similar manner, but 
to a very small extent. The tracing given (Fig. 93) relates 
only to the movements during the first 2G h. 

(2.) Olaucium luteum (Papave- 
raceso, Fam. 12).— A young plant, 
bearing only 8 leaves, had a fila- 
ment attached to tho youngest leaf 
but one, which was 3 inches in 
length, including the petiole. The 
circumnutating movement was 
traced during 47 h. On both days 
the leaf descended from before 7 a.m. 
until about 11 a.m., and then 
ascended slightly during tho rest 
of tho day and the early part of 
the night. During the latter part 
of the night it fell greatly. It did 
not ascend so much during the 
second as during the first day, and 
it descended considerably lower on 
the second night than on the first. 
This difference was probably duo 
to tho illumination from above 
having been insufficient during the 
two days of observation. Its course 
during the two days is shown in 
Fig. 94. 

(3.) Cramhe maritima (Cruciferse, 
Fam. 14). — A leaf 9i inches in length 
on a plant not growing vigorously 
was first observed. Its apex was 
in constant movement, but this 
could hardly be traced, from being 
Ghucium lut^vn: cimimnuta- go small in extent. The apex, how- 
tion of young leaf, traced . . , . 

from 9.30 A.M. June 14th ever. Certainly changed its course at 
to 8.30 A.M. 16th. Tracing least 6 times in the course of 14 h. 
not much magnified, as apex ^ more vigorous young plant, lx;ar- 
of leaf stood only 54 inches . , ® j 

from the glass. ing Only 4 leaves, was then selected, 

and a filament w.as affixed to the ■ 
midrib of the third leaf from the base, which, with the petiole, was 
5 inches in length. The leaf stood up almost vertically, but the tip 
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■was deflected, so that the filament projected almost horizontally, 
and its movements ■were traced during 48 h. on a vertical glass, 
as sho\vn in the accompanying figure (Fig. 95). We here plainly 
see that the leaf was con- 

.:J\ 



a'p.vi.es’^ 

tO’.SO’f.mS^ 



7‘.atia.Tn. 



tinually circumnutating ; 
but the proper periodicity 
of its movements was dis- 
turbed by its being only 
dimly illuminated from 
above through a double 
skylight. We infer that 
this was the case, because 
two leaves on plants grow- 
ing out of doors, had their 
angles above the horizon 
measured in the middle 
of the day and at 9 to 
about 10 p.M. on succes- 
sive nights, and they 
were found at this latter 
hour to have risen by an 
average angle of 9® above 
their mid-day position: 
on the following morning 
they fell to their former 
position. Now it may. be 
observed in the diagram 
that the leaf rose during 
the second night, so that 
it stood at 6.40 a.m. higher 
than at 10.20 p.m. on the Crambe 
preceding night ; and this disturbed by^ being 
may be attributed to the 
leaf adjusting itself to the 
dim light, coming exclu- 
sively from above. 

(4.) Brassica oleracea (Cruciferoe).— Hofmeister and Batalin * 
state that the leaves of the cabbage rise at night, and fall by 
day. Wo covered a young plant, bearing 8 leaves, under a large 
bell-glass, placing it in the same position with respect to the 

• ‘ Flora,’ 1873, p. 437 










imnutation of leaf, 
nsuffieiently itlunii- 
_ated from above, traced from 7.50 a.m. 
June 23rd to 8 A.M. 25th. Apex of leaf 
151 inches from the vertical glass, so ■ ' 
the tracing wa: ’ 

here reduced too 



© The Complete Work of Charles Darwin Online 



230 CIRCUMNUTATION OF LEAVES. Chap. IV. 

light in which it had long remained, and a filament was fixed 
at the distance of • 4 of an inch from the apex of a young leaf 
nearly 4 inches in length. Its movements were then traced 
during three days, but the tracing is not worth giving. The 
leaf fell during the whole morning, and rose in the evening and 
during the early part of tlic night. The ascending and descend- 
ing lines did not coincide, so that an irregular ellipse was formed 
each 24 h. The basal part of the midrib did not move, as was 
ascertained by measui'ing at successive periods the angle which 
it fonned with the horizon, so that the movement was confined 
to the terminal portion of the leaf, which moved through an 
angle of 11° in the course of 24 h., and the distance travelled by 
the apex, up and down, was between ’8 and '9 of an inch. 

In order to ascertain the effect of darkness, a filament was 
fixed to a leaf 5i inches in length, borne by a jjlant which after 
forming a head had produced a stem. The leaf was inclined 
44° above the horizon, and its movements were traced on a 
vertical glass every hour by the aid of a taper. During the 
first day the leaf rose from 8 a.m. to 10.40 p.m. in a slightly 
zigzag course, the actual distance travelled by the apex being 
• 67 of an inch. During the night the leaf fell, whereas it ought 
to have risen ; and by 7 a.m. on the following morning it had 
fallen -23 of an inch, and it continued falling until 9.40 a.m. It 
then rose until 10.50 p.m., but the rise W'as interrupted by one 
considerable oscillation, that is, by a fall and re-ascent. During 
the second night it again fell, but only to a very short distance, 
and on the following morning re-ascended to a very short 
distance. Thus the normal .course of the leaf was greatly 
disturbed, or rather completely inverted, by the absence of 
light ; and the movements were likewise greatly diminished in 
amplitude. 

We may add that, according to Mr. A. Stephen Wilson,* the 
young leaves of the Swedish turnip, which is a hybrid between 
B. oleracea and rapa, draw together in the evening so much 
“ that the horizontal breadth diminishes about 30 per cent, of 
the daylight breadth.” Therefore the leaves must rise con- 
siderably at night. 

(5.) Dumthus caryophyllus (Caryophyllese, Fain. 26). — The 



* ‘ Trans. Bot. Soc, Edinburgh,’ 
vol. xiii. p. 32. With respect to 
the origin of the Swedish turnip. 



see Darwin, ‘ Animals and Plants 
under Domestication,’ 2nd edit, 
vol. i. p. 344. 
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teraiinal shoot of a young plant, growing very vigorously, was 
selected for observation. The young leaves at first stand up 
vertically and close together, but they soon bend outwards and 
downwards, so as to become horizontal, and often at the same 
time a little to one side. A filament was fixed to the tip of a 
young leaf whilst still highly inclined, and the first dot wa.s 
made on the vertical glass at 8.30 a.m. June 13th, but it curved 
downwards so quickly that by 6.40 a.m. on the following 
morning it stood only a little above the horizon. In Fig. 96 



Dianthus caryophyllus ; circumnntation of young leaf, traced from lO.l.'i 
p.M. June 13th to 10..35 p.m. 16th. Apex of leaf stood, at the close of 
our observations, 8J inches from the vertical glass, so tracing not 
greatly magnified. The leaf was inches long. Temp. 15i°-17J° 0. 

the long, slightly zigzag line representing this rapid downward 
course, which was somewhat inclined to the left, is not given ; 
but the figure shows the highly tortuous and zigzag course, 
together with some loops, pursued during the next 23 days. 
As the leaf continued to move all the time to the left, it is 
evident that the zigzag line represents many circumnutations. 

(6.) Camellia Japonica (Camelliacese, Fam. 32). — A youngish 
leaf, which together with its petiole was 23 inches in length and 
which arose from a side branch on a tall bush, had a filament 
attached to its apex. This leaf sloped downwards at an angle 
of 40'’ lieneath the horizon. As it was thick and rigid, and its 



Fig. 96 





11 
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ry short, much movement could not he expected. 

Nevertheless, the apex changed its coui'se 
Fig. 97. completely seven times in the course of 

Hi h., but moved to only a very small 
distance. On the next day the movement 
of the apex was traced during 26 h. 20 m. 
(as shown in Fig. 97), and was nearly of 
the same nature, but rather less complex. 

cuimiui.;iu"u ui ic.n, . T 1 

traced from 6.40 The movement seems to be periodical, tor 
A.M. June 14th to oil both days the leaf circumuutated in the 
6.50 forenoon, fell in the afternoon (on the first 

inches from the ver- day until between 3 and 4 p.m., and on the 
ticalglass, so figure second day until 6 p.m.), and tlien rose, 
considerably mag- falling again during tlie night or early 
nified. Temp. 16°- ? ° 

jg.o c ^ morning. 

In the chapter on the Sleep of Plants 
we shall fee that the leaves in several Malvaceous genera sink 



erso' 







Pdwgmiwn zonale ; circumnutation and downward movement of young 
leaf, traced from 9.30 A.M. June 14th to 6.30 p.m. 16th. Apex of lem 
9J inches from the vertical glass, so figure moder.atcly magnified. 
Temp. 15'’-16Jo C. 

at night; and as they often do not then occupy a vertical 
position, especially if they have not been well illuminated during 
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the clay, it is doubtful whether some of these ca.scs ought not 
to have been included in the present chapter. 

(7.) Pelargonium zmale (Geraniactas, Fam. 47). — A young 
leaf, inch in breadth, with its petiole 1 inch long, borne on 
a young plant, was ob.served in the usual manner during 61 h. ; 
and its coiu-se is shown in the preceding figure (Fig. 98). 
During the first day and night the leaf moved downwards, but 
cireumnutated between 10 a.m. and 4.30 p.m. On the second 
day it sank and rose again, but between 10 a.m. and 6 p.m. it 
cireumnutated on an extremely small scale. On the tliird day 
the circuranutation was more plainly marked. 

(8.) Cissus discolor (Ampelidese, Fam. 67).— A leaf, not nearly 
full-grown, the third from the apex of 
a shoot on a cut-down plant, was 
observed during 31 h. 30 m. (see Fig. 

99). The day was cold (15°-16° C.), 
and if the plant had been observed in 
the hot-house, the circumnutation, 
though plain enough as it w.as, would 
probably have been far more con- 
spieuous. 

(9.) Vida faba (LeguminosEE, Fam. 

75). — A young leaf, 3’1 inches in 
length, measured from base of petiole to 
end of leaflets, had a filament affixed 
to the midrib of one of the two ter- 
minal leaflets, and its movements were 
traced during 511 h. The filament fell 

all morning (July 2nd) till 3 p.m., and discolor circumnu- 

then rose greatly till 10.35 p.m. ; but tation of leaf, traced 

the rise this day was so great, com- fr™ 10-35 a.m. Way 

pared with that which subsequently gj- 

occurred, that it was probably due in fron, the vertical glass, 
part to the plant being illuminated 

from above. The latter part of the course on July 2nd is alone 
given in the following figure (Fig. 100). On the next day 
(July 3rd) the leaf again fell in the morning, then circumnu- 
tated in a conspicuous manner, and rose till late at night ; but 
the movement was not traced after 7.15 p.m., as by that time the 
filament pointed towards the upper edge of the glass. During 
the latter part of the night or early morning it again fell in the 
same manner as before. 
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As the evening rise and the early morning fall were unusually 
large, the angle of the petiole above the horizon was measured 
at the two periods, and the leaf was found to have risen 19° 



Fig. 100. 




Vicia faht; circumnatation of leaf, traced from 7.15 r.M. Jnly 2nd to 
10.15 A.M. 4th. Apex of the two terminal leaflets 7J inches from the 
vertical glass. Figure here reduced to two-thirds of original scale. 
Temp. 17®-18° C. 

between 12.20 p.m. and 10.45 p.m., and to have fallen 23° SO" 
between the latterhour and 10.20 a.m. on the following morning. 
The main petiole was now secured to a stick close to the base 
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of the two terminal leaflets, which were 1 ’4 inch in lenctth ; and 
the movements of one of them were traced during 48 h. (see 
Fig. 101). The course pursued is closely analogous to that of 
the whole leaf. The zigzag line between 8.30 a.m. and 3.30 p.m. 
on the second day represents 5 very small ellipses, with their 



Fig. 101. 




I'tc'ia faba: circumnutation of otu; of the two terminal leaflets, the main 
petiole having been secured, traced from 10.40 A.M. July 4th to 10.30 A.M. 
6th. Apex of leaflet inches from the vertical glass. Tracing here 
reduced to one-half of original ^cale. Temp. 1C°-18® C. 

longer axes differently directed. From these observations it 
follows that both the whole leaf and the terminal leaflets undergo 
a well-marked daily periodical movement, rising in the evening 
and falling diu'ing the latter part of the night or early morning ; 
whilst in the middle of the day they generally circumnutate 
round the same small space. 
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Fig 102. 




Acacia retinoides ; cir- 



young phyllode, 



iDches from the 
vertical glass; temp. 
16j°-I7J° C. 



Fig. 10.3. 



(10.) Acacio retinoides (LcguniinosiB), — The movement of a 
young phyllode, 2J inches in length, and inclined at a consider- 
able angle above the horizon, was traced 
during 45 h. 30 m. ; but in the figure hero 
given (Fig.102), its circumnutation is shown 
during only 21 h. 30 m^ During part of 
this time (viz., 14 h. 30 m.) the phyllode 
described a figtirc re- 
presenting 5 or 6 
small ellipses. The 
actual amount of 
movement in a ver- 
tical direction was '3 
inch. The phyllode 
;e considerably be- 
tween 1.30 P.M. and 
. . but there was 

«oe.id.nc«o„eitbe, 

• day of a regular pe- 
riodic movement. 

(11.) Lnpinus s,.e- 
nosus (Leguminossc). 

—Plants were raised 
from seed purchased under this name. 

This is one of the species in this large 
genus, the leaves of which do not sleep 
at night. The petioles rise direct from 
the ground, and are from 5 to 7 inches 
in length. A filament was fixed to the 
midrib of one of the longer leaflets, and 
the movement of the whole leaf was traced, 
as sliown in Fig. 103. In the course of 
6 h. 30 m. the filament went four times up 
and three times down. A new tracing 
was then begun (not here given), and 
during 125 h. the leaf moved eight times 
up and seven times down; so that it 
dcscril>ed 71 ellipses in this time, and 
this is an extraordinary rate of movement. 

The summit of the petiole was then secured 
to a stick, and the separate leaflets were found to lie continually 
oircumnutating. 
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(12.) Echeveria sMuni/era ( Crassulacae, Fam. 84). — The older 
leaves of this plant are so thick and fleshy, and the young ones 
so short and broad, that it seemed 
very improbable that any circum- 
niitation could be detected. A fila- 
ment was fixed to a young upwardly 
inclined leaf, ‘75 inch in length and 
•28 in breadth, which stood on the 
outside of a terminal rosette of leaves, 
produced by a plant growing very 
vigorously. Its movement was traced 
during 3 days, as here shown (Fig. 

104). The coui-se was chiefly in an 
upward direction, and this may be 
attributed to the elongation of the 
leaf through growth ; but we see that 
the lines are strongly zigzag, and tliat 
occasionally there was distinct cir- 
eumnutation, though on a very small Echecent stolonifem : circum- 

(13.) E,y„pl,ytlum (vel Culanchce) 
culyciaaiii (Crassulaceaj). — Duval- 
Jouve (‘ Bull. Soc. Bot. de France,’ 

Feb. 14th, 1868) measured the dis- 
tance between the tips of the upper 
pair of leaves on this plant, with the result shown in the following 
Table. It should be noted that the measuiuments on Dec. 2nd 
were made on a different pair of leaves; — 




of leaf, 
iom 8.20 A.M. .luae 25th 
;o 8.45 A M. 28th. Ape.v 
)f leaf 12J inches from the 
glass, so that the movement 
was much magnified; ten-.j>. 
23°-24J° C. 



■ 60 .1 
• 43 „ 



We see from this Table that the leaves stood considerably 
further apart at 2 p.m. than at either 8 a m. or 7 p.m.; aud this 
shows that they rise a little in the evening and fall or open 
in the forenoon. 

(14.) Drosera rotiindifolia (Droseracea;, Fam. 85).— The move- 
• ments of a young leaf, having a long petiole but with ii s tentacles 
(oi gland-bearing hairs) as yet unfolded, were traced during 
47 h. 15 m. The figure (Fig. 105) shows that it circumuutated 
largely, chiefly in a vertical direction, making two ellipses each 
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day. On both days the leaf began to descend after 12 or 
I o’clock, and continued to do so all night, though to a 
very unequal distance on the 
two occasions. We therefore 
thought that the movement 
was periodic; but on observ- 
ing three other leaves during 
several successive days and 
nights, we found this to be an 
error; and the case is given 
merely as a caution. On the 
third morning the above leaf 
occupied almost exactly the 
same position as on the first 
morning ; and the tentacles 
by this time had unfolded 
sufficiently to project at right 
angles to the blade or disc. 

The leaves as they grow 
older generally sink more 
and more downwards. The 
movement of an oldish leaf, 
the glands of which were 
still secreting freely, was 
traced for 21 h., during which 
time it continued to sink a 
little in a slightly zigzag line. 
On the following morning, at 
7 A.M., a di-op of a solution 
of carbonate of ammonia (2 
gr. to 1 oz. of water) was 
placed on the disc, and this 
blackened the glands and i 




rIty40'f.mS^ 



Drosera rotundifolii ; circnmnutatioo 
of young leaf, with fil.nment fi.\ed 
to b.ack of bl.-ule, traced from 9.1,5 
A.M. June 7th to 8.30 a.m. June 
9th. Figure here reduced to one- 
half original scale. 

duccd inflection of many of the tentacles. The weight of the 
drop caused the leaf at first to sink a little ; but immediately 
alterwards it began to rise in a somewhat zigzag course, and 
continued to do so till 3 p.m. It then circumnutated about 
the same spot on a very small scale for 21 h. ; and during the 
next 21 h. it sank in a zigzag line to nearly the same level 
which it had held when the ammonia was first administered. 
By this time the tentacles had re-expanded, and the glands had 
recovered their proper colour. We thus learn that an old leaf 
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circumiiutates on a small scale, at least whilst absorbing car- 
bonate of ammonia ; for it is probable that this absorption may 
stimulate growth and thus re-excito circumnutation. Whether 
the rising of the glass filament which was attached to the back 
of the leaf, resulted from its margin becoming slightly inflected 
(as generally occurs), or from the rising of the petiole, was not 
ascertained. 

In order to learn whether the tentacles or gland-bearing hairs 
circumnutate, the back of a young leaf, with the innermo.st 
tentacles as yet incurved, was fii'mly cemented with shellac 
to a flat stick driven into compact damp argillaceous sand. 
The plant was placed under a microscope with the stage re- 
moved and with an eye-piece micrometer, of which each 
division equalled -5^ of an inch. It should be stated that as 
the leaves grow older the tentacles of the exterior rows bond 
outwards and downwards, so as ultimately to become deflected 
considerably beneath the horizon. A tentacle in the second 
row from the margin was selected for observation, and was 
found to be moving outwards at a rate of ^ of an inch in 
20 m., or of inch in I h. 40 m. ; but as it likewise moved 
from side to side to an extent of above ^ of inch, the move- 
ment was probably one of modified circumnutation. A tentacle 
on an old leaf was next observed in the same manner. In 
15 m. after being placed under the microscope it had moved 
about 1^50 of an inch. During the next 7i h. it was looked at 
repeatedly, and during this whole time it moved only another 
10*00 of an inch ; and this small movement may have been due 
to the settling of the damp sand (on which the plant rested), 
though the sand had been firmly pressed down. We may there- 
fore conclude that the tentacles when old do not circumnutate ; 
yet this tentacle was so sensitive, that in 23 seconds after its 
gland had been merely touched with a bit of raw meat, it began 
to curl inwards. Tliis fact is of some importance, as it appa- 
rently shows that the inflection of the tentacles from the stimulus 
of absorbed animal matter (and no doubt from that of contact 
with any object) is not due to modified circumnutation. 

(15.) Dionma miiscipula (Droseracese). — It should be premised 
that the leaves at an early stage of their development have the 
two lobes pressed closely together. These are at first directed 
back towards the centre of the plant ; but they gradually rise up 
and soon stand at right angles to the petiole, and ultimately in 
nearly a straight line with it. A young leaf, which with the 
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petiole was only 1'2 inch in lenpth, had a filament fixed exter- 
nally along the midrib of the still closed lobes, whieh projected 
at right angles to the petiole. In the evening this leaf com- 
pleted an ellipse in the course of 2 h. On 
the following day (Sept. 25th) its move- 

f ments were traced during 22 h. ; and wo 
see in Fig. 106 that it moved in the same 
general direction, due to the straightening 
of the leaf, but in an extremely zigzag lino. 
This line represents several drawn-out or 
/ modified ellipses. There can therefore be 

A no doubt that this young loaf cireummi- 

i tated. 

/ A rather old, horizontally extended 

leaf, with a filament attached along the 
under side of the midrib, was next 
observed during 7 h. It hardly moved, 
but when one of its sensitive hairs 
was touched, the blades closed, though 
not very quickly. A new dot was now 
made on the glass, but in the course of 
14 h. 2J m. there was hardly any change 
in the position of the filament. We may 
therefore infer that an old and only 
moderately sensitive leaf does not circum- 
nutate plainly; but wo shall soon see 
^rurnuu“tTon“^of'‘ a means follows that such 

young and expanding “ absolutely motionless. We may 

leaf, traced on a hori- further infer that the stimulus from a 
zontal glass in dark- touch does not re-excite plain circumnu- 

nes.s, from noon Sept. 

2+th to 10 A.M. 2.'ith. 

Apex of leaf 13J Another full-grown leaf had a filament 
inches from the glass, attached externally along one side of the 
.iMy magniiie'd”*'''*^ midrib and parallel to it, so that the £la- 
' ® ■ ment would move if the lobes closed. It 

should be first stated that, although a touch on one of the sensi- 
tive hairs of a vigorous leaf causes it to close qtiickly, often 
almost instantly, yet when a bit of damp meat or some solution 
of carbonate of ammonia is placed on the lobes, they close so 
slowly that generally 24 h. is required for the completion of the 
act. The above leaf was first observed for 2 h. 30 m., and did 
not circuraniitate, but it ought to have been observed for a 
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longer period ; although, as we have seen, a young leaf com- 
pleted a fairly large ellipse in 2 h. A drop of an infusion of 
raw meat was then placed on the leaf, and within 2 h. the glass 
filament rose a little ; and this implies that the lobes had begun 
to close, and perhaps the petiole to rise. It continued to rise 
with extreme slowness for the next 8 h. 30 rn. The position of 
the pot was then (7.13 p.m.. Sept. 24th) slightly changed and 
an additional drop of the infusion given, and a new tracing 
was begun (Fig. 107). By 10.50 p.m. the filament had risen 
only a little more, and it fell during the night. On the follow- 
ing morning the lobes were closing more quickly, and by 5 p.m. 
it was evident to the eye that they had closed considerably ; by 
8.48 P.M. this was still plainer, and by 10.45 p.m. the marginal 
spikes were interlocked. The leaf fell a little during the night, 
and next morning (25th) at 7 a m. the lobes were completely 
shut. The course pursued, as may be seen in the figure, was 



Fig. 107. 




Dioncei iiiu<ci)nda ; closure of the lobes and circuinnutation of a full-grown 
leaf, whilst absorbing .an infusion of law meat, traced in darkness, from 
7.15 P.M. Sept. 24th to 9 a.m. 2t5th. Apex of leaf 8J inches from the 
vertical glass. Figure here reduced to two-thirds of original scale. 

strongly zigzag, and this indicates that the closing of the lobes 
was combined with the circumnutation of the whole leaf; 
and there cannot be much doubt, considering how motionless 
the leaf was during 2 h. 30 m. before it received the infusion, 
that the absorption of the anin\al matter had excited it to 
circumnutate. The leaf was occasionally observed for the next 
four days, but was kept in rather too cool a place ; nevertheless, 
it continued to circumnutate to a small extent, and the lobes 
remained closed. 

It is sometimes stated in botanical works that the lobes close 
or sleep at night ; but this is an error. To test the statement, 
very long glass filaments were fixed inside the two lobes of 
three leaves, and the distances between their tips were measured 
in the middle of the day and at night ; but no difference could 
1)0 detected. 

The previous observations relate to the movements of the 
whole leaf, but the lobes move independently of the petiole, and 
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seom to be continually opening anil shiitting to a very small 
extent. A nearly full-grown leaf (afterwards proved to be 
highly sensitive to contact) stood almost horizontally, so that 
by driving a long thin pin through the foliaceous petiole close 
to the blade, it was rendered motionless. The plant, with 
a little triangle of paper attached to one of the marginal spikes, 
was placed under a microscope with an eye-piece micrometer, 
each division of which equalled 5^ of an iuch. The apex of 
the pai>er-triangle was now seen to be in constant slight move- 
ment : for in 4 h. it crossed nine divisions, or of an inch, 
and after ten additional hours it moved back and had crossed 
in an opposite direction. The plant was kept in rather 
too cool a place, and on the following day it moved rather less, 
namely, in 3 h., and in an opposite direction during the 
next G h. The two lobes, therefore, seem to be constantly 
closing or opening, though to a very small distance ; for we must 
remember that the little triangle of paper affixed to the marginal 
sjuke increased its length, and thus exaggerated somewhat the 
movement. Similar observations, with the important difference 
that the petiole was left free and the plant kept under a high 
temperature, were made on a leaf, which was healthy, but so old 
that it did not close when its sensitive hairs were repeatedly 
touched, though judging from other cases it would have slowly 
closed if it had been stimulated by animal matter. The ajiex of 
the triangle was in almost, though not quite, constant movement, 
sometimes in one direction and sometimes in an opposite one ; 
and it thrice crossed five divisions of the micrometer (i.e. ygy; of 
an inch) in 30 m. This movement on so small a scale is hardly 
comparable with ordinary circumnutation ; but it may perhaps 
l>e compared with the zigzag lines and little loops, by which the 
larger ellipses made by other plants are often interrupted. 

In the first chapter of this volume, the remarkable oscillatory 
movements of the circumnutating hypocotyl of the cabbage 
have been described. The leaves of Dionaja present the same . 
))henomenon, which is a wonderful one, as viewed under a low 
jx)wer (2-inch object-glass), with an eye-piece micrometer of 
which each division (^g^ of an inch) appeared as a rather wide 
space. The young unexpanded leaf, of which the circumnutating 
movements were traeed (Fig. lOG), had a glass filament fixed 
])crpendicularly to it ; and the movement of the apex was 
ob.served in the hot-house (temp. 84° to 86° F.), with light 
admitted only from above, and with any lateral currents of air 
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excluded. The apex sometimes crossed one or two divisions of 
the micrometer at an imperceptibly slow rate, but generally it 
moved onwards by rapid starts or jerks of joVo or and in 
one instance of Yobo of an inch. After each jerk forwards, the 
apex drew itself backwards with comparative slowmess for part 
of the distance which had just been gained; and then after a 
very short time made another jerk forwards. Four conspi- 
cuous jerks forwards, with slower retreats, were seen on one 
occasion to occur in exactly one minute, besides some minor 
oscillations. As far as we could judge, the advancing and 
retreating lines did not coincide, and if so, extremely minute 
ellipses were each time described. Sometimes the apex remained 
quite motionless for a short period. Its general course during 
the several hours of observation w'as in two opposite directions, 
so that the leaf was probably circiimnutatiug. 

An older leaf with the lobes fully expanded, and which was 
afterwards proved to be highly sensitive to contact, was next 
ob.servcd in a similar manner, except that the plant was exposed 
to a lower temperature in a room. The apex oscillated forwards 
and backwards in the same manner as lx)forc ; but the jerks for- 
ward were less in extent, viz. about inch ; and there were 
longer motionless periods. As it appeared possible that the 
movements might be due to eurrents of air, a wax taper was 
held close to the leaf during one of the motionless periods, but 
no oscillations were thus caused. After 10 m., however, vigorous 
oscillations commenced, perhaps owing to the plant having been 
warmed and thus stimulated. The candle was then removed and 
before long the oscillations ceased ; nevertheless, when looked at 
again after an interval of 1 h. 30 m., it was again oscillating. 
The plant was taken back into the hot-house, and on the 
following morning was seen to be oscillating, though not very 
vigorously. Another old but healthy leaf, which was not in the 
least sensitive to a touch, was likewise observed diuing two 
days in the hot-house, and the attached filament made many 
little jerks forw'ards of about or only of an inch. 

Finally, to ascertain whether the lolies independently of the 
petiole oscillated, the petiole of an old leaf was cemented clo.ve 
to the blade with shellac to the top of a Little stick driven into 
the soil. But before this was done the leaf was observed, and 
found to bo vigorously oseillating or jerking ; and after it had 
Ireen cemented to the stick, the oscillations of about of 
an inch still continued. On the following day a little infusion 
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of raw meat was placed on the leaf, whicli caused the lolxjs to 
close together very slowly in the course of two days; and the 
oscillations continued during this whole time and for the next 
two days. After nine additional days the letif began to o))cn 
and the margins were a little everted, and now the apex of the 
glass filament remained for long pcriotls motionless, and then 
moved backwards and forwards for a distance of about of 
an inch slowly, without any jerks. Nevertheless, after warming 
the leaf with' a taper held close to it, the jerking movement 
recommenced. 

This same leaf had been observed 2.1 months previously, and 
was then found to bo oscillating or jerking. We may therefore 
infer that this kind of movement goes on night and day for a 
very long period ; and it is common to young unexpanded leaves 
and to leaves so old as to have lost their sensitiveness to a 
touch, but which were still capable of absorbing nitrogenous 
matter. The phenomenon when well displayed, as in the young 
leaf just described, is a very interesting one. It often brought 
before our minds the idea of effort, cr of a small animal 
struggling to escape from some constraint. 

(16.) Eucalyptus mmi/era (Myrtacese, Fam. 94).— A young leaf, 
two inches in length together with 
the petiole, produced by a lateral 
shoot from a cut-down tree, was 
observed in the usual manner. 
The blade had not as yet as- 
sumed its vertical position. On 
June 7th only a few observations 
were made, and the tracing merely 
showed that the leaf had moved 
three times upwards and three 
downwards. On the following 
day it was observed more fre- 
quently; and two tracings were 
made (see A and B, Fig. 108), as 
a single one would have been too 
complicated. The apex changed 
its course 13 times in the course 
of 16 h., chiefly up and down, but 
with some lateral movement. The actual amount of movement 
in any one direction was small. 

(17.) Dahlia (garden var.) (Composite, Fam. 122). — A fine young 



Fig. 108 




Ewalnptus resinifera ; cir 
tation of a leaf, traceil, 

6.40 A.M. to 1 p.M. June 8tli ; 
It, from 1 P.M. 8th t( 

9th. Apex of leaf 14J inches 
from the horizontal glass, so 
figures considerably magnified. 
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leaf 5i inches in length, produced by a young plant 2 feet high, 
growing vigorously in a large pot, was directed at an angle of 
about 45° beneath the horizon. On June 18th the leaf descended 
from 10 A.M. till 1135 a.m. (see Fig. 109); it then ascended 
greatly till 6 P.M., this ascent being probably due to the light 

Fig. 109. 







Dahh t : circumnutation of leaf, traced from 10 A M. June 18th to 8.10 A.M. 
20th, but with a break of I h. 40 m. on the morning of the 19th, as, 
owing to the glass filament pointing too much to one side, the pot had 
to be slightly moved ; therefore the relative po.“ition of the two tracings 
is .somewhat arbitrary. The figure here giveu is reduced to one-fifth of 
the original scale. Apex of leaf 9 inches from the glass in the line 
of its inclination, and 4J in a horizontal line. 

coming only from above. It zigzagged between 6 p.m. and 
10.35 P.M., and ascended a little during the night. It should bo 
remarked that the vertical distances in the lower part of the 
diagram are much exaggerated, as the leaf was at first deflected 
beneath the horizon, and after it bad sunk downwards, the 
filament pointed in a very oblique line towards the glass. Next 
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day tho leaf descended from 8.20 a.m. till 7.15 P.M., thou zigzagged 
and ascended greatly during tho night. On the morning of tlio 
20th the leaf was probably Ijegiuuiug to descend, though tho 
sliort lino in tho diagram is horizontal. The actual distances 
travelled by the apox of tho leaf were considerable, but could 
not bo calculated with safety. From the course pursued on the 
second day, when tho plant had accommodated itself to tho light 
from alwvo, there cannot Ix) much doubt that the leaves undergo 
a daily ]»riodic movement, sinking during the day and rising 
at night. 

(18.) Mutisia chmatis .(Composit®). — Tho leaves terminate in 
tendrils and circumuutato like those of other tendril-bearers; 
but this plant is here mentioned, on account of an erroneous 
statement * which has Iwen published, namely, that the leaves 
sink at night and rise during tho day. Tho leaves which 
Ixihaved in this manner had Ix-cn kei)t for some days in a 
northern room and had not been sufficiently illuminated. A 
l)hiut therefore was left undistnrbed in tho hot-house, and three 
livives had their angles measured at noon and at 10 i‘.M. All 
three were inclined a little beneath the horizon at noon, but ono 
sKkxI at night 2°, tho second 21°, and tho third 10° higher than 
in tho middle of the day; so that instead of sinkinglhcy rise 
a little at night. 

(10.) Cyclamen reisicum (Primulacc®, Fam. 135). — A young 
leaf, 1’8 of an inch in length, petiole included, produced by an 
old root-stock, was observed during three days in tho usual 
manner (Fig. 110). On the first day the leaf fell more than after- 
wards, ai)()arently from adjusting itself to tho light from alx)ve. 
On all three days it fell from tho early morning to about 7 r.M., 
and from that hour rose during the night, tho coui-so being 
slightly zigzag. Tlic movement therefore is strictly periodic. 
It should bo noted that the leaf would have sunk each evening 
a little lower down than it did, had not the glass filament rested 
Ixdweou 6 and G r.M. on tho rim of tho jwt. Tho amount of 
movement was considerable ; for if we assume that tho whole 
leaf to tho base of tho iwtiolo became bent, tho tracing would 
1x3 magnified rather loss than five times, and this would give 
to the aj)ex a rise and fall of half an inch, with some latonil 
movement. This amount, however, would not attract attention 
without the aid of a tracing or measurement of some kind. 



• ‘The Movcmeuls uml Habits of Climbing rinnts,’ 1875, p. 118. 
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(20.) AUamanda Schottii (Apocyneae, Fam. 144). — The young 
leaves of this shrub are elongated, with the blade bowed so much 



Fig. 110. 




Cyclamen Pcrsicum : circnmnutation of le.af, traced from 6.45 A.M. June 2nd 
to 6.40 A.M. 5th. Apex of leaf 7 inches from the vertical glass. 

downwards as almost to form a semicircle. The chord — that 
is, a line drawn from the ajiex of the blade to the base of the 
petiole — of a young leaf. 4i inches in length, stood at 2.50 p.m. on 
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Dec. 5th at an angle of 13’ beneath the horizon, but by 9.30 p.m. 



Fig. 111. 




Petunia violacea : downward move- 
ment and circumnutation of a 
very young leaf, traced from 10 

6tli. N.B.— At 6.40 A.M. on the 
5th it was necessary to move the 
pot a little, and a new tr.acing 
was begun at the point where 
two dots are not joined in the 
diagram. Apex of leaf 7 inches 
from the verticil glass. Temp, 
generally 17J°C. 



the blade had straightened itself 
so much, 'which implies the 
raising of the apex, that the 
chord now stood at 37° above the 
horizon, and had therefore risen 
50°. On the next day similar 
angular measurements of the 
same leaf were made; and at 
noon the chord stood 36° be- 
neath the horizon, and 9.30 p.m. 
3J° above it, so had risen 39i°. 
The chief cause of the rising 
movement lies in the straighten- 
ing of the blade, but the short 
petiole rises between 4° and 5°. 
On the tliird night the chord 
stood at 35° above the horizon, 
and if the leaf occupied the 
same position at noon, as on 
the previous day, it had risen 
71°. With older leaves no such 
change of cm-vature could be 
detected. The plant was then 
brought into the house and 
kept in a north-east room, but 
at night there was no change 
in the curvature of the young 
leaves; so that previous expo- 
sure to a strong light is appa- 
rently requisite for the periodi- 
cal change of curvature in the 
blade, and for the slight rising 
of the petiole. • 

(21.) Wigandin (Hydroleaceae, 
Fam. 149).— Professor Pfeffer 
informs us that the leaves of this 
plant rise in the evening; but as 
we do not know whether or not 
the rising is great, this species 
ought perhaps to be classed 
amongst sleeping plants. 
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Fig. 112. 



(22.) Petunia violacta (Solanese, Fam. 157j. — A very young 
leaf, only J inch in length, highly inclined upwards, was observed 
for four days. During the whole of this time it bent outwards 
and downwards, so as to become more and more nearly hori- 
zontal. The strongly marked zigzag line in the figure on p. 248 
(Fig. Ill), shows that this was effected by modified circum- 
nutation ; and during the latter part of the time there was much 
ordinary circumnutation on a small scale. The movement in 
the diagram is magnified between 10 and 11 times. It exhibits 
a clear trace of periodicity, as the leaf rose a little each evening ; 
but this upward tendency apiieared to be almost conquered by 
the leaf striving to become more and 
more horizontal as it grew older. The 
angles which two older leaves formed 
together, were measured in the even- 
ing and about noon on 3 successive 
days, and each night the angle de- 
creased a little, though irregularly. 

(23.) Acanthus mollis (Acanthacese, 

Fam. 1G8). — The younger of two 
leaves, 21 inches in length, petiole 
included, produced by a seedling 
plant, was observed during 47 h. 

Early on each of the three morn- 
ings, the apex of the leaf fell ; and 
it continued to fall till 3 p.m., on 
the two afternoons when observed. 

After 3 p.m. it rose considerably, and 
continued to rise on the second night 
until the early morning. But on 
the first night it fell instead of rising, 

-ml we have little doubt that this ^cantAus mo//is;circumnut.T 




was owing to the leaf being very 
young and Ixicoming through epi- 
nastic growth more and more hori- 
zontal ; for it may be seen in the 
diagram (Fig. 112), that the leaf stood 
on a higher level on the first than on 
the second day. The leaves of an 
allied species (A. spinosus) certainly 
rose every night ; and the rise between noon and 10.15 p.m., 
when measured on one occasion, was 10°. This rise was chiefly 



of young le.if, t 
from 9.20 a.m. June 14th 
to 8.30 A.M. 16th. A|iei 
of leaf 11 inches from the 
vertical glass, so ntovement 
considerably magnified. 
Figure here reduced toone- 
haif of original scale. 
Temp. 15°-16i° C. 
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or exclusively clue to the straightening of the blade, and not to 
the movement of the petiole. We may therefore conclude that 
the leaves of Acanthus circumnutate periodically, falling in the 
morning and rising in the afternoon and night. 

(2L) Cannabis saliva (Cannabine®, Fam. 195).— We have 
here the rare case of leaves moving downwards in the evening, 
but not to a sufficient degree to lie called sleep.* In the early 
morning, or in the latter part of the night, they move upwards. 
For instance, all the young leaves near the summits of several 
stems stood almost horizontally at 8 a.m. May 29th, and at 
10.30 p.M. were considerably declined. On a subsequent day two 
leaves stood at 2 p.m. at 21’ and 12’ beneath the horizon, and at 
10 P.M. at 38’ beneath it. Two other leaves on a younger plant 
were horizontal at 2 p.m., and at 10 p.m. had sunk to 36 beneath 
the horizon. With respect to this downward movement of the 
loaves, Kraus believes that it is due to their epinastic growth. 
He adds, that the leaves are relaxed during the day, and tense 
at night, both in sunny and rainy weather. 

(25.) Finns pinnsUr (Coniferaj, Fam. 223).— The leaves on the 
summits of the terminal shoots stand at first in a bundle almost 
upright, but they soon diverge and ultimately become almost 
horizontal. The movements of a young leaf, nearly one inch in 
length, on the summit of a seedling plant only 3 inches high, 
were traced from the early morning of June 2nd to the evening 
of the 7th. During these five days the leaf diverged, and its apex 
descended at first in an almost straight line ; but during the two 
latter days it zigzagged so much that it was evidently circumnu- 
tating. The same little plant, when grown to a height of 5 inches, 
was again observed during four days. A filament was fixed 
transversely to the apex of a le.af, one inch in length, and which 
had already diverged considerably from its originally upright 
position. It continued to diverge (see A, Fig. 113), and to 
descend from 11.45 a.m. July 31st to 6.40 a.m. Aug. 1st. On 
August 1st it circumnutated about the same small space, and’ 
again descended at night. Next morning the pot was moved 
nearly one inch to the right, and a new tracing was begun (B). 
From this time, viz., 7 a.m. August 2nd to 8.20 a.m. on the 4th, 



• We vrere led to observe this 
]ilant by Dr. Curl Kraus’ jiapi r, 
‘ Beitriigo zur Kentniss der Bewe- 
gungen Wach.soiidcr Laubbliitter.' 



Flora, 1879, p. 6(5. We regret that 
we cannot fully understand parts 
of this paper. 
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the leaf manifestly circumnutatcd. It does not appear from the 
diagram that the leaves move periodically, for the descending 
course during the first two nights, was clearly due to epinastic 




Pin 



nus pinnster: circnmnutation of young leaf, traced from 11.4.5 A.M. 
July 31st to 8.20 A.M. Ang. 4th. At 7 A.M. Aug. 2nd the pot was 
moved an inch to one side, so that the tracing consists of two figures. 
Aper of leaf 14J inches from the vertical glass, so movements much 
magnified. 



growth, and at the close of our observations the leaf was not 
nearly so horizontal as it would ultimately 'become. 

Finns austfiaca.—Two leaves, 3 inches in length, but not 
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quite fully grown, produced by a lateral shoot, on a young tree 
3 feet in height, were observed during 29 h. (July 31st), in the 
same manner as the leaves of the previous species. Both these 
leaves certainly circumnutated, making 
Fig. 114. within the above period two, or two and 

a half, small, irregular ellipses. 

(26.) Cycas pectinata (Cycadea, Fam. 
224). — A young leaf, Hi inches in 
length, of which the leaflets had only 
recently become uncurled, was observed 
during 47 h. 30 m. The main petiole 
was secured to a stick at the base of the 
two terminal leaflets. To one of the 
latter, 3i inches in length, a filament 
was fixed ; the leaflet was much bowed 
downward, but ns the terminal part was 
upturned, the filament projected almost 
horizontally. The leaflet moved (see 
Fig. 114) largely and periodically, for it 
fell until about 7 p.m. and rose during 
the night, falling again next morning 
after C.40 a.m. The descending lines 
are in a marked manner zigzag, and so 
jirobably would have been the ascending 
lines, if they had been traced throughoitt 
the night. 



Cycas pectinata : circuni- 
nutntion of one of the 

from 'sVrA'M^'junt ClUCUMNUTATION OF LEAVES: 
22ml to 8 A.M. June MONOCOTYLEDONS. 

24th. Apex of IcaHet ■ 

7 J inches from the ver- (27.) Canna IT arscewiczu (Cannaceas, 
tical glass, so tracing Fain. 2). — The movements of a young 
not greatly magnified, 3 inches in length and 31 in 

nnd here rGduced to , t,, i i i 

one-third of original l^rcadth, produced by a vigorous young 
scale; temp. 19®-21°C. plant, were observed during 45 h. 

50 m., as shown in Fig. 115. The pot 
was slided about an inch to the right on the morning of the 
11 th, as a single figure would have teen too complicated; but 
the two figures are continuous in time. The movement is 
periodical, as the leaf descended from the early morning until 
about 5 pm., and ascended during the rest of the evening and 
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part of the night. On the evening of the 11th it circumnut.ated 
on a small scale for some time about the same spot. 



Fig. 115. 




A. B. 



Canna Warscevkiii ; circumnutation of le.af, traced (A) from 11.30 A.M 
June 10th to 6.40 A.JI. 11th ; and (B) from 6.40 a.m. 11th to 8.40 A.M.' 
12th. Apex of leaf 9 inches from the vertical glass. 



(28.) Iris pseuJo-acorus (Irideae, Fain. 10). — The movements 
of a young leaf, rising 13 inches above the water in which ,)he 
plant grew, were traced as shown in the 
figure (Fig. 116), during 27 h. 30 m. 

It manifestly circumnutated, though 
only to a .small extent. On the second 
morning, between 6.40 a.m. and 2 p.m. 

(at which latter hour the figure here 
given ends), the apex changed its course 
five times. During the next 8 h. 40 m. it 
zigzagged much, and descended as far 
as the lowest dot in the figure, making 
in its course two very small ellipses ; 
but if these lines had been added to 
the diagram it would have been too 
complex. 

(29.) Orinum Ciipense (Amaryllidese, 

Fain. 11).— The leaves of this plant 
are remarkable for their great length 
and narrowness: one was measured 
and found to be 53 inches long and 
only 1'4 broad at the base. Whilst quite young they stand up 
almost vertically to the height of about a f.,ot; afterwards 




of leaf, traced 
from 10.30 A.M. May 28th 
to 2 P.M. 29th. Tracing 
continued to 11 P.M., but 
not here copied. Apex 
of leaf 12 inches beneath 
the horizontal glass, so 
figure considerably mag- 
nified. Temp. 15°-16° C. 
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their tips begin to bend OTcr, and subscqnenily hang yertically 
down, and tlius continue to grow. A rather young leaf was 
selected, of which the dependent tapering point was as yet only 
51 inches in length, the upright basal part being 20 inches high, 
though this part would ultimately become shorter by being 
more bent over. A large bell-glass was placed over the plant, 
with a black dot on one side; and by bringing the dependent 
apex of the leaf into a lino with this dot, the accompanying 
figure (Fig. 117) was traced on the other side of the bell, during 
2i days. During the first day (22nd) the tip travelled laterally 
far to the left, perhaps in consequence of the plant having been 



Fig. 117. 




disturbed; and the last dot made at 10.30 p.m. on this day is 
alone here given. As we see in the figure, there ean be no 
doubt that the apex of this leaf circumnutated. 

A glass filament with little triangles of paper was at the 
same time fixed obliquely across the tip of a still younger leaf, 
which stood vertically up and was as yet straight. Its move- 
ments were traced from 3 p.m. May 22nd to 10.15 a.m. 25th. 
The leaf was growing rapidly, so that the apex ascended greatly 
during this period ; as it zigzagged much it was clearly circum- 
nutating, and it apparently tended to form one ellipse each 
day. The lines traced during the night were much more vertical 
than those traced during the day ; and this indicates that the 
tracing would have exhibited a nocturnal rise and a diurnal 
fall, if the leaf had not grown so quickly. ' The movement of 
this same leaf after an interval of six days (May 31st), by which 
time the tip had curved outwards into a horizontal position, 
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and had thus made the first step towards becoming dependent 
was traced orthogonieally by the aid of a cube of wood (in the 
manner before explained); and it was thus ascertained that the 
actual distance travelled by the apex, and due to circumnutation 
was inches in the course of 204 h. During the next 24 h. it 
travelled 21 inches. The circumnutating movement, therefore 
of this young leaf was strongly marked. 

(30.) Panaaiium Utlorah (Amaryllidese).— The movements 
much magnified, of a leaf, 9 inches in length and inclined at 
about 4o° above the horizon, were traced during two days. On 
the first day it changed its course completely, upwards and 
downwards and laterally, 9 times in 12 h. ; and the figure traced 
apparently represented five ellipses. On the second day it was 
observed scldomer, and was therefore not seen to change its 
course so often, viz., only G times, but in the same complex 
manner as before. The movements were small in extent, but 
there could be no doubt about the circumnutation of the leaf 

(31.) Imatophyllum. vd Olivia (sp. ?) (Amaryllidea;).— A long 
glass filament was fixed to a leaf, and the angle formed by it 
with the horizon was measured occasionally during three suc- 
cessive days. It fell each morning until between 3 and 4 r.«., 
and rose at night. The smallest angle at any time above the 
horizon was 4S°, and the largest 50°; so that it rose only 2<> 
at night ; but as this was observed each day, and as similar 
observations were nightly made on another leaf on a distinct 
plant, there can be no doubt that the leaves move periodically, 
though to a very small extent. The position of the apex when 
it stood highest was "8 of an inch above its lowest point. 

(32.) Pistia straliotes (Aroidere, Pam. 30). — Hofmeister 
remarks that the leaves of this floating water-plant are more 
highly inclined at night than by day.* We therefore fastened 
a fine glass filament to the midrib of a moderately young 
leaf, and on Sept. 19th measured the angle which it formed 
with the horizon 14 times between 9 a.m. and 11.50 p.m. The 
temperature of the hot-house varied during the two days of 
okservation between 184° and 234° C. At 9 a.m. the filament 
stood at 32° above the horizon ; at 3.34 p.m. at 10° and at 
11.50 pm. at 55°; these two latter angles l>eing the highest and 
the lowest observed during the day, showing a difference of 45°. 
The rising did not become strongly marked until between 



* * Dio Lelire von der Pflauzcnzollc,’ 18U7, p. 327. 
12 



© The Complete Work of Charles Darwin Online 



256 



CIKCUMNUTATIOX OF LEAVES. CuAr. IV 



5 and 6 p.m. On the next day the leaf stood at only 10° ahovo 
the horizon at 8.25 a.m., and it remained at about 15^ till past 
3 p.m.; at 5.40 p.m. it was 23°, and at 9.30 p.m. 58°; so that 
the rise was more sudden this evening than on the previous 
one, and the difference in the angle amounted to 48°. The 
movement is obviously periodical, and as the leaf stood on the 
first night at 55°, and on the second night at 58° above the 
horizon, it appeared very steeply inclined. This case, as we 
shall see in a future chapter, ought perhaps to have been 
included under the head of sleeping plants. 

(33.) Fontederia (sp. ?) (from the highlands of St. Catharina, 



Fig. 118. 




Brazil) (Pontederiacem, Fam. 4G). — A filament was fixed across 
the apex of a moderately young leaf, 7j inches in height, and 
its movements were traced during 42j h. (see Fig. 118). On 
the first evening, when the tracing was begun, and during the 
night, the leaf descended considerably. On the next morm’ng 
it ascended in a strongly marked zigzag line, and descended 
again in the evening and during the night. The movement, 
therefore, seems to be periodic, but some doubt is thrown on 
this conclusion, because another leaf, 8 inches in height, 
appearing older and standing more highly inclined, behaved 
differently. During the fii-st 12 h. it cireumnutated over a 
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small space, but during the night and the whole following day 
it ascended in the same general direction; the ascent being 
effected by repeated up and down well-pronounced oscillations. 

Cryptogams, 



(34.) Nephrodium molh (Pilices. Pam. 1).— A filament was 
fixed near the apex of a young frond of this Pern, 17 inches 
in height, which was not as yet fully uncurled ; and its move- 
ments were traced during 24 h. We see in Pig. 119 that it 



Fig. 119. 




Nephrodium mollc : circumnutation of raoliis, traced from 9.1.5 A.u. May 
28th to 9 A.M. 29th. Figure here given two-thirdi of original scale. 

plainly circuranutated. The movement was not greatly magnified 
as the frond was placed near to the vertical glass, and would 
probably have been greater and more rapid had the day lieen 
warmer. Por the plant was brought out of a warm greenhouse 
and observed under a skylight, where the temperature was 
between 15° and 16° C. We have seen in Chap. I. that a frond of 
this Pern, as yet only slightly lobed and with a rachis only '23 
inch in height, plainly circumnutated.* 



• Mr. Loomis and Prof. Asa 
Gray liave described Botanical 
Gazette,’ 18S0, pp. 27, 43), an 
extremely curious case of move- 
nient in the fronds, but only in 
tlie fruiting fronds, of Asplenium 
trichomanes. They move almost 
ns rapidly as the little leaflets 



of Desmodium gyrant, alternately 
backwards and I'orwards tlirough 
from 20 'o 40 degrees, in a plane at 
right angles to that of the frond. 
The apex of Ihe frond describes “ a 
long and very nairow ellipse,” so 
that it circumnutates. But the 
movement differs from ordinary 
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In the chapter on the Sleep of Plants the conspicuous circum- 
nutation of Marsilea qxiadrijdiata (Marsileacese, Fam. 4) will be 
described. 

It has also been shown in Chap. I. that a very young Belor 
ginella (Lycopodiaceffi, Fam. 6), only '4 inch in height, plainly 
circumnutated ; we may therefore conclude that older plants, 
whilst growing, would do the same. 

(35.) Lunularia vulgaris (Hepaticae, Fam. 11, Muscales). — 
The earth in an old flower-pot was 
coated with this plant, bearing 
gemmre. A highly inclined frond, 
which projected "3 inch above the 
soil and was "4 inch in breadth, was 
selected for observation. A glass 
hair of extreme tenuity, '75 inch 
in length, with its end whitened, 
was cemented with shellac to the 
frond at right angles to its breadth ; 
and a wliite stick with a minute 
black spot was driven into the soil 
close behind the end of the hair. 
The white end could be accurately 
brought into a line with the black 
spot, and dots could thus be suc- 
cessively made on the vertical 
glass-plate in front. Any move- 
ment of the frond would of course 
be exhibited and increased by the 
long glass hair ; and the black spot 
was placed so close behind the end 
of the hair, relatively to the dis- 
tance of the glass-plate in front, 
that the movement of the end was 
magnified about 40 times. Never- 
theless, we are convinced that our 
rA^jiTbc’t 25t'rto8 A.M. 27th! tracing gives a fairly faithful re- 
presentation of the movements of 
the frond. In the intervals between each observation, the plant 
was covered by a small bell-glass. The frond, as already stated, 

circnmnutation as it occurs only sufficient to excite motion for a 
when the plant is exposed to the few minutes.” 
light; even artificial light “is 
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was highly inclined, and the pot stood in front of a north-east 
window. During the five first days the frond moved downwards 
or became less inclined; and the long line which was traced 
was strongly zigzag, with loops occasionally formed or nearly 
formed; and this indicated circumnutiition. Whether the sink- 
ing was due to epinastic growth, or apheliofropism, we do not 
know. As the sinking was slight on the fifth day, a new tracing 
was begun on the sixth day (Oct. 25th), and was continued 
for 47 h. ; it is here given (Fig. 120). Another tracing was made 
on the next day (27th) and the frond was found to be still cir- 
cumnutating, for during 14 h. 30 m. it changed its course com- 
pletely (besides minor changes) 10 times. It was casually 
observed for two more days, and was seen to be continually 
moving. 

The lowest members of the vegetable scries, the Thallogens, 
apparently circumuutate. If an Oscillaria be watched under 
the microseope, it may be seen to describe circles about every 
40 seconds. After it has bent to one side, the tip first begins 
to bend back to the opposite side and then the whole filament 
curves over in the same direction. Hofmeister* has given a 
minute account of the curious, but less regular though constant, 
movements of Spirogyra: during 2} h. the filament moved 4 
times to the left and 3 times to the right, and he refers to a 
movement at right angles to the above. The tip moved at the 
rate of about OT mm. in five minutes. He compares the move- 
ment with the nutation of the higher plants.f We shall hereafter 
see that heliotropic movements result from modified circutn- 
nutation, and as unicellular Moulds bend to the light we may 
infer that they also circumnutatc. 



Concluding Remarks on the Circumnutation 
OF Leaves. 

Tho circumnutating movements of young leaves in 
genera, belonging to 25 families, widely distributed 



• ‘ Ueber die B(:wpgiingcn der 
FadfO der Siirmiyra priiiceiie; 
.Inlireshefle des Veieiiis tiir vnter- 
landiselie Natiirkimdo iii Wiirt- 
tenibei-i',’ 1874, p. 211. 

t Zukal also remarks (as quoted 
in ‘Journal R. Mieroscop. Sue.,' 



1880, vol. iii. n. ?20) tl.at the 
niovementa of Spirnlina, a mem- 
ber of the Oscilbitoriea', arc closely 
analogous “to the well-known 
rotation of growing shoots and 
tendrils.” 
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amongst ordinary and gymnospermous Dicotyledons 
and amongst Monocotyledons, together with several 
Cryptogams, have now been described. It would, 
Therefore, not be rash to assume that the growing 
leaves of all j)lants circumnutate, as we nave seen 
reason to conclude is the case with cotyledons. The 
seat of movement generally lies in the petiole, but 
sometimes both in the petiole and blade, or in the 
blade alone. The extent of the movement differed much 
in different plants ; but the distance passed over was 
never great, except with Pistia, which ought perhaps 
to have been included amongst sleeping jdants. The 
angular movement of the leaves was only occasionally 
measured ; it commonly varied from only 2’ (and pro- 
bably even less in some instances) to about 10’ ; but 
it amounted to 23’ in the common bean. The move- 
ment is chiefly in a vertical plane, but as the ascending 
and descending lines never coincided, there was always 
some lateral movement, and thus irregular ellipses 
were formed. The movement, therefore, deserves to 
be called one of circumnutation ; for all circumnuta- 
ting organs tend to describe ellipses,— that is, growth 
on one side is succeeded by growth on nearly but not 
quite the opposite side. The ellipses, or the zigza" 
lines representing drawn-out ellipses, are generally 
very narrow ; yet with the Camellia, their minor axes 
were half as long, and with the Eucalyiitus more than 
half as long as their major axes. In the case of Cissus, 
parts of the figure more nearly represented circles than 
elliiTses. The amount of lateral movement is therefore 
sonu'times considerable. Moreover, the longer axes 
of the successively formed ellipses (as with the Bean, 
Cissus, and Sea-kale), and in several instances the 
zigzag lines representing ellipses, were extended in 
very different directions during the same day or on 
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the next day. The course followed was curvilinear or 
straight, or slightly or strongly zigzag, and little loops 
or triangles were often formed. A single large irregular 
ellipse may be described on one day, and two smaller 
ones by the same plant on the next day. With Drosera 
two, and with Impinus, Eucalyptus and Pancratium, 
scYi'ral were formed each day. 

The oscillatory and jerking movements of the leaves 
of Diontea, which resemble those of the hypocotyl of 
the cabbage, are highly remarkable, as seen nnder the 
microscope. They continue night and day for some 
months, and are displayed by young unexpauded leaves, 
and by old ones which have lost their sensibility to a 
touch, but which, after absorbing animal matter, close 
their lobes. We shall hereafter meet with the same 
kind of movement in the joints of certain Gramineae, 
and it is probably common to many plants while cir- 
cumnutating. It is, therefore, a strange fact that no 
such movement could be detected in the tentacles of 
Drosera rotundifolia, though a member of the same 
family with Dionaea ; yet the tentacle which was ob- 
served was so sensitive, that it began to curl inwards 
in 23 seconds after being touched by a bit of raw meat. 

One of the most interesting facts with respect to 
tlie circumnutation of leaves is the periodicity of their 
movements ; for they often, or even generally, rise a 
little in the evening and early part of the night, and 
sink again on the following morning. Exactly the 
same phenomenon was observed in the case of coty- 
ledons. The leaves in 16 genera out of the 33 which 
were observed behaved in this manner, as did probably 
2 others. Nor must it be supposed that in the remain- 
ing 15 genera there was no periodicity in their move- 
ments ; for 6 of them were observed during too short 
a period for any judgment to be formed on this head, 
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and 3 were so young that their epinastic growth, 
which serves to bring them down into a horizontal 
position, overpowered every other kind of movement. 
In only one genus, Cannabis, did the leaves sink in 
the evening, and Kraus attributes this movement to 
(he prepotency of their epinastic growth. That the 
periodicity is determined by the daily alternations 
of light and darkness there can hardly be a doubt, as 
will hereafter be shown. Insectivorous plants are 
very little affected, as far as their movements are con- 
cerned, by light ; and hence probably it is that their 
leaves, at least in the cases of Sarracenia, Droscra, and 
DiomTa, do not move periodically. The upward move- 
ment in the evening is at first slow, and with different 
plants begins at very different hours ; — w ith Glaucium 
as early as 11 a.m., commonly between 3 and 5 p.m., 
but sometimes as late as 7 p.m. It should be observed 
that none of the leaves described in this chapter 
(except, as we believe, those of Lupinus speciosus) 
possess a pulvinus; for the periodical movements of 
leaves thus provided have generally been amplified 
into so-called sleep-movements, with which we are not 
here concerned. The fact of leaves and cotyledons 
frequently, or even generally, rising a little in the 
evening and sinking in the morning, is of interest as 
giving the foundation from which the specialised sleep- 
movements of many leaves and cotyledons, not pro- 
vided with a pulvinus, have been developed. The 
above periodicity should be kept in mind, by any one 
considering the problem of the horizontal position of 
leaves and cotyledons during the day, whilst illumi- 
nated from above. 
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CHAPTER V. 

Modified Circumkdtation : Cllvbinq Plants; Epinastio and 
IIvpoNASTic Movements. 

Cii'cumnutatiuu moiUficd through innate causes or tiirougli the actiou 
of external conditions — Innate causes— Climbing plants; similarity 
of their movements with those of ordinary plants ; increased ampli- 
tude; occasional points of difference— Epinastic growth of young 
leaves — Hyponastic growth of the hypoootyls and epieotyls of seed- 
lings— Hooked tips of climbing and other plants due to modified 
oireumnutation — Ampelopsis tricuspidata — Smilhia Pfundii — 
Straightening of the tip due to hyponasty — Epinastio growtii and 
oireumnutation of the flower-peduncles of Trifolium repens and 
Oxalis carnosa. 

The radicles, hypocot}ds and epieotyls of seedling 
plants, even before they emerge from the ground, and 
afterwards the cotyledons, are all continually circum- 
nutating. So it is with the stems, stolons, flower- 
peduncles, and leaves of older plants. We may, there- 
fore, infer with a considerable degree of safety that all 
the growing parts of all plants circumnutate. Although 
this movement, in its ordinary or unmodified state, 
appears in some cases to be of service to plants, 
either directly or indirectly — for instance, the circum- 
nutation of the radicle in penetrating the ground, or 
that of the arched hypocotyl and epicotyl in breaking 
through the surface — yet circumnutation is so general, 
or rather so universal a phenomenon, that we cannot 
suppose it to have been gained for any special pur- 
pose. We must believe that it follows in some un- 
known way from the manner in which vegetable tissues 
grow. 
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We shall now consider the many cases in which 
circumnutation has been modified for various special 
purposes ; that is, a movement already in progress is 
temporarily increased in some one direction, and tem- 
porarily diminished or quite arrested in other direc- 
tions. These cases may be divided in two sub-classes ; 
in one of which the modification depends on innate or 
constitutional causes, and is independent of external 
conditions, excepting in so far that the proper ones for 
growth must be present. In the second sub-class the 
modification depends to a large extent on external 
agencies, such as the daily alternations of light and 
darkness, or light alone, temperature, or the attraction 
of gravity. The first small sub-class will be considered 
in the present chapter, and the second sub-class in the 
remainder of this volume. 

The Circumnutation of Cli.mbing Plants. 

The simplest case of modified circumnutation is that 
offered by climbing plants, with the exception of 
those which climb by the aid of motionless hooks or 
of rootlets ; for the modification consists chiefly in the 
greatly increased amplitude of the movement. This 
would follow cither from greatly increased growth over 
a small length, or more probably from moderately in- 
creased growth spread over a considerable length of the 
moving organ, preceded by turgescence, and acting suc- 
cessively on all sides. The circumnutation of climbers 
is more regular than that of ordinary plants; but in 
almost every other respect there is a close similarity 
between their movements, namely, in their tendency 
to describe ellipses directed successively to all points 
of the compass — in their courses being often inter- 
rupted by zigzag lines, triangles, loops, or small 
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ellipses— in the rate of movement, and in different 
species revolving once or several times within the same 
length of time. In the same internode, the mov'e- 
ments cease first in the lower part and then slowly 
upwards. In both sets of cases the movement may be 
modified in a closely analogous manner by geotropism 
and by heliotropism ; though few climbing plants are 
heliotropic. Other points of similarity might be 
pointed out. 

That the movements of climbing plants consist of 
ordinary circumnutation, modified by being increased 
in amplitude, is well exhibited whilst the plants are 
very young ; for at this early age they move like other 
seedlings, but as they grow older their movements 
gradually increase without undergoing any other 
change. That this power is innate, and is not excited 
by any external agencies, beyond those necessary for 
growth and vigour, is obvious. No one doubts that 
this power has been gained for the sake of enabling 
climbing plants to ascend to a height, and thus to 
reach the light. This is eflected by two very different 
methods ; first, by twining spirally round a support, 
but to do so their stems must be long and flexible ; 
and, secondly, in the case of leaf-climbers and tendril- 
bearers, by bringing these organs into contact with a 
support, which is then seized by the aid of their 
sensitiveness. It may be here remarked that these 
latter movements have no relation, as far as wo can 
judge, with circumnutation. In other cases the tips 
of tendrils, after having been brought into contact with 
a support, become developed into little discs which 
adhere firndy to it. 

We have said that the circumnutation of climbing 
plants differs from that of ordinary plants chiefly by 
its greater amplitude. But most leaves circumnutate 
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in an almost vertical plane, and therefore describe very 
narrow ellipses, whereas the many kinds of tendrils 
which consist of metamorphosed leaves, make much 
broader ellipses or nearly circular figures; and thus 
they have a far better chance of catching hold of a 
support on any side. The movements of climbing 
plants have also been modified in some few other 
special ways. Thus the circumnutating stems of Sol- 
nanum dulcamara can twine round a support only 
when this is as thin and flexible as a string or thread. 
The twining stems of several British plants cannot 
twine round a support when it is more than a few 
inches in thickness; whilst in tropical forests some 
can embrace thick trunks ;* and this great difference 
in power depends on some unknown difference in 
their manner of circumnutation. The most remarkable 
special modification of this movement which we have 
observed is in the tendrils of Ecliinocijstis lobata ; these 
are usually inclined at about 45° above the horizon, 
but they stiffen and straighten themselves so as to 
stand upright in a part of their circular course, namely, 
when they approach and have to pass over the summit 
of the shoot from which they arise. If they had not 
possessed and exercised this curious power, they would 
infallibly have struck against the summit of the shoot 
and been arrested in their course. As soon as one of 
these tendrils with its three branches begins to stiffen 
itself and rise up vertically, the revolving motion 
becomes more rapid ; and as soon as it has passed 
over the point of difficulty, its motion coinciding 
with that from its own weight, causes it to fall into its 
[>reviously inclined position so quickly, that the apex 
can be seen travelling like the hand of a gigantic clock. 



* ’The Movements and Habits of Climbing Plants,’ p. .36. 
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A large number of ordinary leaves and leaflets and 
a few flower-peduncles are provided with pulviui ; but 
this is not the case with a single tendril at present 
known. The cause of this difference probably lies in 
the fact, that the chief service of a pulvinus is to 
prolong the movement of the part thus provided after 
growth has ceased ; and as tendrils or other climbing- 
organs are of use only whilst the plant is increasing 
in height or growing, a pulvinus which served to 
prolong their moyements would be useless. 

It was shown in the last chapter that the stolons or 
runners of certain plants circumnutate largely, and 
that this movement apparently aids them in finding a 
passage between the crowded stems of adjoining plants. 
If it could be proved that their movements had been 
modified and increased for tliis special purpose, they 
ought to have been included in the present chapter ; 
but as the amplitude of their revolutions is not so 
conspicuously different from that of ordinary plants, 
as in the case of climbers, we have no evidence on 
this head. We encounter the same doubt in the case 
of some plants which bury their pods in the ground. 
This burying process is certainly favoured by the 
circumnutation of the flower-peduncle ; but we do not 
know whether it has been increased for this special 
purpose. 

Epinasty — Hyponasty. 

The term epinasty is used by De Vries * to express 
greater longitudinal growth along the upper than 



* ‘Arbciten dcs Bot. Inst., two terms os first used by Schim- 

in Wiirzburg,’ Heft ii. 1872, p. 223. per, and they liavo been adopted 

De Vries bae slightly modified in this sense by Sachs. 

(p. 252; the meaning of the above 
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along the lower side of a part, which is thus caused to 
bend downwards ; and hyponasty is used for the reversed 
process, by which the part is made to bend upwards. 
These actions come into play so frequently that the 
use of the above two terms is highly convenient. The 
movements thus induced result from a modified form 
of circumnutation ; for, as we shall immediately see, 
an organ under the influence of epinasty does not 
generally move in a straight line downwards, or under 
that of hyponasty upwards, but oscillates up and down 
with some lateral movement : it moves, however, in a 
preponderant manner in one direction. This shows 
that there is some growth on all sides of the part, bul 
more on the upper side in the case of epinasty, and 
more on the lower side in that of hyponasty, than on 
the other sides. At the same time there may be in 
addition, as De Vries insists, increased growth on one 
side due to geotropisni, and on another side due to 
heliotropism ; and thus the effects of epinasty or of 
hyponasty may be either increased or lessened. 

He who likes, may speak of ordinary circumnutation 
as being combined with epinasty, hyponasty, the effects 
of gravitation, light, Ac. ; but it seems to us, from 
reasons hereafter to be given, to be more correct to 
say that circumnutation is modified by these several 
agencies. We will therefore speak of circumnutation, 
which is always in progress, as modified by epinasty, 
hyponasty, geotropism, or other agencies, whether 
internal or external. 

One of the commonest and simplest cases of epinasty is that 
offered by leaves, which at an early age are crowded together 
round the buds, and diverge as they grow older. Sachs first 
remarked that this was due to increased growth along the upper 
side of the petiole and blade ; and De Vries has now shown in 
more detail that the movement is thus caused, aided slightly by 
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the -weight of the leaf, and resisted as he believes by apogeo- 
tropism, at least after the leaf has somewhat diverged. In our 
observations on the circumnutation of leaves, some were selected 
W'hich were rather too young, so that they continued to diverge 
or sink do-wnwards whilst their movements were being traced. 
This may be seen in the diagrams (Figs.' 98 and 112, pp. 232 
and 219) representing the circumnutation of the young leaves of 
Acanthus mollis and Pthugoniam zonale. Similar cases -were ob- 
served -with Drosera. The movements of a young leaf, only J inch 
in length, of Petunia violacca were traced during four days, and 
offei-s a better instance (Fig. Ill, p. 248), as it diverged during 
the whole of tliis time in a curiously zigzag line with some of the 
angles sharply acute, and during the latter days plainly cirenm- 
nutated. Some young leaves of about the same age on a plant 
of this Petunia, wliich had been laid horizontally, and on another 
plant wliich was left upright, both being kept in complete dark- 
ness, diverged in the same manner for 48 h., and apparently 
were not affected by apogeotropism ; though their stems were in 
a state of high tension, for -sv’hen freed from the sticks to which 
they had been tied, they instantly curled upwards 

The leaves, whilst very young, on the leading shoots qf the 
Carnation ( Dianthus caryophyll us) are highly inclined or vertical ; 
and if the plant is growing vigorously they diverge so quickly 
that they become almost horizontal in a day. But they move 
down-wards in a rather oblique line and continue for some time 
afterwards to move in the same direction, in connection, vi-e pre- 
sume, with their siiiral arrangement on the stem. The course 
pursued by a young leaf -whilst thus obliquely descending was 
traced, and the line was distinctly yet not strongly zigzag ; the 
larger angles formed by the successive lines amounting only to 
135'’, 1.54”, and 163°. The subsequent lateral movement (shown 
in Fig. 96, p. 231) was strongly zigzag -with occasional circum- 
nutations. The divergence and sinking of the young leaves 
of this plant seem to lx; very little affected by geotropism or 
heliotropism; for a jjlant, the leaves of -which were growing 
rather slowly (as ascertained by measurement) was laid hori- 
zontally, and the opposite young leaves diverged from one 
another symmetrically in the usual manner, without any up- 
turning in the direction of gra-vitation or towards the light. 

The needle-like leaves of Pinus pinaster form a bundle whilst 
young ; afterwards they slowly diverge, so that those on the up- 
right shoots become horizontal. The movements of one such 
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young leaf was traced dui-iug 4} days, and the tracing here given 
(Fig. 121) shows that it descended at first in a nearly straight 
line, but afterwards zigzagged. 
Fig. 121. ^ making one or two little loops. 

The diverging and descend- 
ing movements of a rather 
older leaf were also traced 
(see former Fig. 113, p. 251) : 
it descended during the first 
day and night in a some- 
what zigzag line ; it then cir- 
cumnutated round a small 
space and again descended. 
By this time the leaf had 
nearly assumed its final posi- 
tion, and now plainly circum- 
nutated. As in the case of the 
Carnation, the leaves, whilst 
very young, do not seem to be 
much affected by geoti-opism 
or heliotropism, for those on a 
young plant laid horizontally, 
and those on another jilant 
left upright, both kept in the 
dark, continued to diverge in 
the usual manner without 
bending to either side. 

With Cvbcea scainhns, the 
young leaves, as they succes- 
sively diverge from the lead- 
ing shoot which is bent to 
one side, rise up so as to pro- 
ject vertically, and they retain 
this position for some time 
whilst the tendril is revolving. 
The diverging and ascending 
movements of the petiole of 
PiVms pin-jstcr ; epinastic dowuward ‘raced OU 

movement of a young le.nf, pro- a vertical glass imder a sky- 
duced by a young plant in a pot, light; and the Course pursued 

;» --tu 

to 10.40 p.M. 6th. straight, but there were two 
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well-marked zigzags (one of them forming an angle of 112°), 
and this indicates circumnutation. 

The still closed lobes of a young leaf of Dionrea projected at 
right angles to the petiole, and were in the act of slowly rising. 
A glass filament was attached to the under side of the midrib, 
and its movements were traced on a vertical glass. It circum- 
nutated once in the evening, and on the next day rose, as already 
described (see Fig. 106, p. 240), by a number of acutely zigzag 
lines, closely approaching in character to ellipses. This move- 
ment no doubt was due to epinasty, aided by apogeotropism, 
for the closed lobes of a very young leaf on a plant which had 
been placed horizontally, moved into nearly the same line with 
the petiole, as if the plant had stood upright ; but at the same 
time the lobes curved laterally upwards, and thus occupied an 
unnatural position, obliquely to the plane of the foliaceous petiole. 

As the hypocotyls and epicotyls of some plants protrude from 
the seed-coats in an arched form, it is doubtful whether the 
arching of these parts, which is invariably present when they 
break through the ground, ought always to lie attributed to 
epinasty ; but when they are at first straight and afterwards 
become arched, as often happens, the arching is certainly due to 
epinasty. As long as the arch is surrounded l)y compact earth 
it mu.st retain its form; but as soon as it rises above the 
surface, or even before this period if artificially freed from the 
surrounding pressure, it begins to straighten itself, and this no 
doubt is mainly due to hyponasty. The movement of the 
upper and lower half of the arch, and of the crown, was occa- 
sionally traced ; and the course was more or less zigzag, showing 
modified circumnutation. 

With not a few plants, especially climbers, the summit of the 
shoot is hooked, so that the apex points vertically downwards. 
In seven genera of twining plants * the hooking, or as it has been 
called by Sachs, the nutation of the tip, is mainly due to an 
exaggerated form of circumnutation. That is, the growth is so 
great along one side that it bends the shoot completely over to 
the oppo.site side, thus forming a hook ; the longitudinal line or 
zone of growth then travels a little laterally round the shoot, 
and the hook points in a slightly different direction, and so 
onwards until the hook is completely reversed. Ultimately it 



* ‘ The Movements and Habits of Climbing Plants,’ 2nd edit. p. 13. 
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comes back to the point wltence it started. This was ascertained 
by painting narrow lines with Indian ink along the convex 
surface of several hooks, and the line was found slowly to be- 
come at first lateral, then to appear along the concave surface, 
and ultimately back again on the convex surface. In the case of 
Lonicera hruchypoda the hooked terminal part of the revolving 
shoot straightens itself periodically, but is never reversed ; that 
is, the periodically increased growth of the concave side of the 
hook is sufficient only to straighten it, and not to bend it over 
to the opposite side. The hooking of the tip is of service to 
twining plants by aiding them to catch hold of a support, and 
afterwards by enabling this part to embrace the support much 
more closely than it could otherwise have done at first, thus 
preventing it, as we often observed, from being blown away by a 
strong wind. Whether the advantage thus gained by twining 
plants accounts for their summits being so frequently hooked, 
we do not know, as this structure is not very rare with plants 
which do not climb, and witli some climbers (for instance, Vitis, 
Ampelopsis, Cissus, &c.) to whom it does not afford any assist- 
ance in climbing. 

With respect to those cases in which the tip remains always 
bent or hooked towards the same side, as in the genera just 
named, the most obvious explanation is that the bending is due 
to continued growth in excess along the convex side. Wiesner, 
however, maintains * that in all cases the hooking of the tip is 
the re.sult of its plasticity and weight, — a conclusion which from 
what we have already seen with several climbing plants is 
certainly erroneous. Nevertheless, we fully admit that the 
weight of the part, as well as geotropism, &c., sometimes come 
into play. 

Ampelopsis tricuspidata . — This plant climbs by the aid of 
adhesive tendrils, and the hooked tips of the slioots do not 
appear to be of any service to it. The hooking depends chiefly, 
as far as we could ascertain, on the tip being affected by epinasty 
and geotropism ; the lower and older parts continually straight- 
ening themselves through hyponasty and apogeotropism. We 
believe that the weight of the apex is an unimportant element, 
because on horizontal or inclined shoots the hook is often 
extended horizontally or even faces upwards, Moreover shoots 
frequently form loops instead of hooks; and in this case the 



• ‘ Sitzb. der k. Ak.ad. der Wissensch.,’ Vienna, Jan. 1880, p. IG. 
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extreme part, instead of hang- 
ing vertically down as would 
follow if weight was the efQcient 
cause, extends horizontally or 
even points upwards. A shoot, 
which terminated in a rather 
open hook, was fastened in 
a highly inclined downward 
position, so that the concave 
side faced upwards, and the 
result was that the apex at first 
curved upwards. This ap- 
parently was due to epinasty 
and not to apogeotropism, for 
the apex, soon after passing 
the x>erpendicular, curved so 
rapidly downwards that we 
could not doubt that the move- 
ment was at least aided by 
geotropism. In the course of 
a few hours the hook was thus 
converted into a loop with the 
apex of the shoot pointing 
straight downwards. The 
longer axis of the loop was at 
first horizontal, but after- 
wards became vertical. During 
this same time the basal part 
of the hook (and subsequently 
of the loop) curved itself slowly 
upwards ; and this must have 
been wholly duo to apogeo- 
tropism in opposirion to hypo- 
nasty. The loop was then 
fastened upside down, so that 
its basal half. would be simul- 
taneously acted on by liyjM- 
nasty (if present) and by apo- . 
geotropism ; and now it curved 
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together. At the same time 
the loop became open and 
was thus reconvertoil into a 
hook, and this apparently 
was effected by the geotropic 
moyement of the apex in 
opposition to epinasty. In 
the case of Am/ielopsis hede- 
racea, weight plays, as far as 
we could judge, a more im- 
portant part in the hooking 
of the tip. 

In order to ascertain 
whether the shoots of A. tri- 
cuspid'ita in straightening 
themselyes under the com- 
bined action of hyponasty and 
apogeotropism moved in a 
simple straight ciurse, or 
whether they circumnutatcd, 
glass filaments were fixed to 
the cro'VTOS of four hooked 
tips standii'g in their natural 
position ; and the movements 
of the filaments were traced 
on a vertical glass. All four 
tracings resembled each other 
in a general manner ; but we 
will give only one (see Fig. 
122, p. 273). The filament 
rose at first, wliich shows 
that the hook was straighten- 
ing itself; it then zigzagged, 
moving a little to the left 
between 9.25 a.m. and 9 p.m. 
From this latter hour on the 
13th to 10.50 A.M. on the fol- 
lowing morning (14th) the 
hook continued to straighten 
itself, and then zigzagged a 
short distance to the right. 
But from 1 p.m. to 10.40 p.m. 
on the 14th the niovement 
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was reversed and the shoot became more hooked. During 
the night, after 10.40 p.m. to 8.15 a.m. on tlio loth, the hook 
again opened or straiglitened itself. By this time the glass 
filament had become so highly inclined that its movements could 
no longer be traced with accuracy ; and by 1.30 p.m. on this same 
day, the crown of the former arch or hook had become perfectly 
straight and vertical. There can therefore be no doubt that the 
straightening of the hooked shoot of this plant is effected by 
the circunmutation of the arched portion — that is, by growth 
alternating between the upper and lower surface, but prepon- 
derant on the lower surface, with some little lateral movement. 

We were enabled to trace the movement of another straight- 
ening shoot for a longer period (owing to its slower growth and 
to its having been placed further from the vertical glass), namely, 
from the early morning on July 13tli to late in the evening of the 
16th. During the whole daytime of the 14th, the hook straight- 
ened itself very little, but zigzagged and plainly circumuutated 
about nearly the same spot. By the 16th it had become nearly 
straight, and the tracing was no longer accurate, yet it was 
manifest that there was still a considerable amount of movement 
both up and down and laterally; for the crown whilst con- 
tinuing to .straighten itself occasionally became for a short time 
more curved, causing the filament to descend twice during the 
day. 

f-milliia 1/undii . — The stiff terminal shoots of this Legu- 
minous water-plant from Africa project so as to make a rectangle 
with the stem below ; but this occurs only when the plants are 
growing vigorously, for when kept in a cool place, the summits 
of the stems become straight, as they likewise did at the close 
of the growing season. The direction of the rectangularly bent 
part is independent of the chief source of light. But from 
observing the effects of placing plants in the dark, in which 
case several shoots became in two or three days upright or nearly 
upright, and when brought back into the light again became 
rectangularly curved, we believe that the bending is in i>art 
due to apheliotropism, apparently somewhat opposed by apogeo- 
tropism. On the other hand, from observing the effects of tying 
a shoot downwards, so that the rectangle faced upwards, we are 
led to believe that the curvature is partly due to epinasty. As 
the rectaugularly bent portion of an upright stem grows older, 
the lower part straightens itself; and this is effected through 
hyponasty. He who has read Sachs’ recent Essay on the vertical 
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and inclined positions of the parts of plants* ■will see how diffi- 
cult a subject this is, and will feel no surprise at our expressing 
ourselves doubtfully in this and other such cases. 

A plant, 20 inches in height, was secured to a stick close 
beneath the curved summit, which formed rather less than a 
rectangle with the stem below. The shoot pointed away from the 
observer ; and a glass filament pointing towards the vertical glass 
on -which the tracing was made, was fixed to the convex surface of 
the curved portion. Therefore the descending lines in the figure 
repre.sent the straightening of the curved portion as it grew 
older. The tracing (Fig. 123, p. 274) was begun at 9 a.m. on 
July 10th ; the filament at first moved but little in a zigzag line, 
but at 2 P.M. it liegan rising and continued to do so till 9 p.m. ; 
and this proves that the terminal portion was being more bent 
downwards. After 9 p.m. on the 10th an opposite movement 
commenced, and the curved portion began to straighten itself, 
and this continued till 11.10 a.m. on the 12th, but was interrupted 
by some small oscillations and zigzags, showing movement in 
different directions. After 11.10 a.m. on the 12th this part of 
the stem, still considerably curved, circumnutated in a con- 
spicuous manner until nearly 3 p.m. on the 13th ; but during all 
this time a do-wnward movement of the filament prevailed, 
caused by the continued straightening of the stem. By the 
afternoon of the 13th, the summit, which had originally been 
deflected more than a right angle from the perpendicular, had 
grown so nearly straight that the tracing could no longer be 
continued on the vertical glass. There can therefore be no 
doubt that the straightening of the abruptly curved portion of 
the growing stem of this plant, which appears to be wholly due 
to hyponasty, is the result of modified circumnutation. We 
will only add that a filament was fixed in a different manner 
across the curved summit of another plant, and the same general 
kind of movement was observed. 

Tri/olium repens . — In many, but not in all the species of Tri- 
folium, as the separate little flowers wither, the sub-peduncles 
bend downwards, so as to depend parallel to the upper part of 
the main peduncle. In Tr. subtirraneum the main peduncle 
curves downwards for the sake of burying its capsules, and in 
this species the sub-peduncles of the separate flowers bend 



* ‘ TJeber Orthotrope und Pla- ten dee Bot. Inst., in Wurzburg,’ 
giotrope Pflanzentheile ‘ Arbei- Heft ii. 1879, p. 226. 
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upwards, so as to occupy the same position relatively to the 
upper part of the main iieduncle as in Tr. repens. This foct 
alone W'ould render it probable that the movements of the sub- 
peduncles in Tr. repens were independent of geotropism. Never- 
theless, to make sure, some flower-heads were tied to little sticks 
upside down and others in a horizontal position; their sub- 
peduncles, however, all quickly curved upwards through the 
action of heliotro])ism. \Ve therefore protected some flower- 
heads, similarly secured to sticks, from the light, and although 
some of them rotted, many of their sub-peduncles tm'ued very 
r.lowly from their reversed or from their horizontal positions, 
so as to stand in the normal manner parallel to the upper part 
of the main peduncle. These facts show that the movement is 
independent of geotropism or apheliotropism ; it must there- 
be attributed to epinasty, which how'ever is checked, at least as 
long as the flowers are young, by heliotropism. Mo.st of the 
above flowers were never fertilised owing to the eselusion of 
bees ; they consequently withered very slowdy, and the movements 
of the sub-peduncles were in like manner much retarded. 

To ascertain the nature of the movement of the sub-peduncle, 
whil.>t bending downwards, a filament was fixed across the 
summit of the calyx of a not fully expanded and almost upright 
flower, nearly in the centre of the head. The main peduncle 
was secured to a stick close beneath the head. In order to see 
the marks on the glass filament, a few flowers had to be cut 
away on the lower side of the head. The flower under obser- 
vation at first diverged a little from its upright position, so as 
to occupy the open spaee eaused by the removal of the adjoining 
flowers. This required two days, after which time a new tracing 
W'as begun (Fig. 124). 1 n A we see the complex eircunmutating 
course pursued from 11.30 a.m. Aug. 26th to 7 a.m. on the 
30th. The pot was then moved a very little to the right, and 
the tracing (B) was continued without interruption from 7 a.m. 
Aug. 30th to after 6 p.m. Sept. 8th. It should be observed that 
on most of these days, only a single dot was made eaeh morning 
at the same hour. henever the flower was observed carefully, 
as on Aug. 30tli and Sept. 5th and 6th, it was found to be cir- 
eumnutating over a small space. At last, on Sept. 7th, it 
iMgan to bend downwards, and continued to do so until after 
6 P.M. on the 8th, and indeed until the morning of the 9th, when 
its movements could no longer be traced on the vertical glass. 
It was carefully observed during the whole of the 8th, and by 
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10.30 p.Ji. it had descended to a point lower down by two-thirds 
of the length of the figure as here given ; but from want of space 
the tracing has been copied in B, only to a little after 6 p.m. On 
the morning of the 9th the flower was withered, and the sub- 
peduncle now stood at an angle of 57° beneath the horizon. If 
the flower had been fertilised it would have wthered much 
sooner, and have moved much more quickly. We thus see that 
the sub-peduncle oscillated up and down, or circumnutated, 
during its whole downward epinastic course. 

The sub-peduncles of the fertilised and withered flowers 
of Oxalis carnosa likewise bend downwards through epinasty, 
as will be shown in a future chapten; and theii downward 
course is strongly zigzag, indicating circumnutation. 

The number of instances in which various organs 
move through epinasty or hyponasty, often in com- 
bination with other forces, for the most diversified 
purposes, seems to be inexhaustibly great ; and from 
the several cases which have been here given, we may 
safely infer that such movements are due to modified 
circumnutation. 

13 
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CHAPTEll VI. 

Modified Cibcdmnttation : Sleep ob Nictitropic Movements, 
THEIR Use: Sleep op Cotyledons. 

PruUininary sketch of the, sleep or nyctitropio movements of leaves — 
Presence of pulvini — The lessening of radiation the final cause of 
nyctitropio movements — Manner of trying experiments on leaves of 
Oxalis, Arachis, Cassia, Melilotus, Lotus and Marsileu, and on the 
cotyledons of Mimosa— Concluding remarks on radiation from leaves 
— Small differences in the conditions make a great difference in the 
result — Deseriplion of the nyctitropio position and movements of 
the cotyledons of various plants — List of species— Concluding 
remarks — Independence of the nyctitropio movements of the leaves 
and cotyledons of the same species — Reasons for believing that tlie 
movements have been acquired for a special purpose. 

The so-called sleep of leaves is so conspicuous a 
phenomenon that it was observed as early as the 
time of Pliny ;* and since Linnaeus published his 
famous Essay, ‘ Somnus Plantarum,’ it has been the 
subject of several memoirs. Many flowers close at 
night, and these are likewise said to sleep ; but we 
are not here concerned with their movements, for 
although effected by the same mechanism as in the 
case of young leaves, namely, unequal growth on the 
opposite sides (as first proved by Pfeffer), yet they differ 
essentially in being excited chiefly by changes of 
temperature instead of light ; and in being effected, as 
far as we can judge, for a different purpose. Hardly 
any one supposes that there is any real analogy 



♦ Pfeffer has given a clear and riodifoben Bewegungen der Blat 
interesting sketch of the history torgane,’ 1875, p. 163. 
of this subject in his ‘Die Pe- 
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between the sleep of animals and that of plants," 
whether of leaves or flowers. It seems, therefore, 
advisable to give a distinct name to the so-called 
sleep-movements of plants. These have also generally 
been confounded, under the term “ periodic,” with the 
slight daily rise and fall of leaves, as described in the 
fourth chapter ; and this makes it all the more desir- 
able to give some distinct name to sleep-movements. 
Nyctitropism and nyctitropic, i.e. night-turning, may 
be applied both to leaves and flowers, and will be 
occasionally used by us ; but it would be best to con- 
fine the term to leaves. The leaves of some few plants 
move either upwards or downwards when the sun shines 
intensely on them, and this movement has sometimes 
been called diurnal sleep ; but we believe it to be of 
an essentially dilferent nature from the nocturnal 
movement, and it will be briefly considered in a 
future chapter. 

The sleep or nyctitropism of leaves is a large 
subject, and we think that the most convenient plan 
will be first to give a brief account of the position 
which leaves assume at night, and of the advantages 
apparently thus gained. Afterwards the more re- 
markable cases will bo described in detail, with 
respect to cotyledons in the present chapter, and to 
leaves in the next chapter. Finally, it will be shown 
that these movements result from circumnutation, 
much modified and regulated by the alternations of 
day and night, or light and darkness ; but that they 
are also to a certain extent inherited. 

liCaves, when they go to sleep, move either upwards 
or downwards, or in the case of the leaflets of com- 



♦ Ch. Rover must, linwovcr, be Nat.’ (5lh series), Bot. vol. ix, 

[ .xcepte j ; see ‘ Annales des Sc. 18G8, p. 878. 
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pound leaves, forwards, that is, towards the apex of the 
leaf, or backwards, that is, towards its base ; or, again, 
they may rotate on their own axes without moving 
either upwards or downwards. But in almost every 
case the plane of the blade is so placed as to stand 
nearly or quite vertically at night. Therefore the apex, 
or the base, or cither lateral edge, may be directed 
towards the zenith. Moreover, the upper surface of 
each leaf, and more especially of each leaflet, is often 
brought into close contact with that of the opposite 
one ; and this is sometimes effected by singularly 
complicated movements. This fact suggests tliat the 
upper surface requires more protection than the lower 
one. For instance, the terminal leaflet in Trifolium, 
after turning up at night so as to stand vertically, 
often continues to bend over until the upper surface is 
directed downwards whilst the lower surface is fully 
exposed to the sky ; and an arched roof is thus 
formed over the two lateral leaflets, which have their 
upper surfaces pressed closely together. Here we have 
the unusual case of one of the leaflets not standing 
vertically, or almost vertically, at night. 

Considering that leaves in assuming their nycti- 
tropic positions often move through an angle of 
90°; that the movement is rapid in the evening; 
that in some cases, as we shall see in the next 
chapter, it is extraordinarily complicated ; that with 
certain seedlings, old enough to / bear true leaves, 
the cotyledons move vertically upwards at night, 
whilst at the same time the leaflets move ver- 
lically downwards; and that in the same genus 
tlie leaves or cotyledons of some species move 
upwards, whilst those of other species move down- 
wards ; — from these and other such facts, it is hardly 
possible to doubt that plants must derive some 
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great advantage from such remarkable powers of 
movement. 

The nyctitropic movements of leaves and cotyledons 
are effected in two ways,* fir.stly, by means of pulvini 
which become, as Pfeffer has shown, alternately more 
turgescent on opposite sides ; and secondly, by in- 
creased growth along one side of the petiole or 
midrib, and then on the opposite side, as was first 
proved by Batalin.t But as it has been shown by 
De Vries t tliat in these latter cases increased growth 
is preceded by the increased turgescence of the cells, 
the difference between the above two means of move- 
ment is much diminished, and consists chiefly in the 
turgesceucc of the cells of a fully developed pulvinus, 
not being followed by growth. When the move- 
ments of leaves or cotyledons, furnished with a pul- 
viuus and destitute of one, are compared, they are seen 
to be closely similar, and are apparently effected for 
the same purpose. Therefore, with our object in view, 
it does not appear advisable to separate the above two 
sets of cases into two distinct classes. There is, how- 
ever, one important distinction between them, namely, 
that movements effected by growth on the alternate 
sides, are confined to young growing leaves, whilst those 
effected by means of a pulvinus last for a long time. 
AVe have already seen well-marked instances of this 
latter fact with cotyledons, and so it is with leaves, as 
lias been observed by rfeffer and by ourselves. The 
long endurance of the nyctitropic movements when 
eifected by the aid of pulvini indicates, in addition to 
the evidence already advanced, the functional imnort- 



• This distiDctiiin was first 
pointed out (iici'ordiiig to Pfofler, 
• Dio Periodischon bewogungen 
dor Bhittorgane,’ 1S75, p. IGI) by 



Dassen in 1837. 
t ‘ Flora,’ 1873, p. 433. 
j *15ot. Zeituug,’ 1879, Doo. 
lOlh, p. 830. 
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ance of such movements to the plant. There is another 
difference between the two sets of cases, namely, that 
there is never, or very rarely, any torsion of the 
leaves, excepting when a pulvinus is present ; * but 
this statement applies only to periodic and nyctitropic 
movements, as may be inferred from other cases given 
by Franb.f 

The fact that the leaves of many plants place 
themselves at night in widely different positions from 
what they hold during the day, but with the one 
point in common, that their upper surfaces avoid 
facing the zenith, often with the additional fact that 
they come into close contact with opposite leaves or 
leaflets, clearly indicates, as it seems to us, that the 
object gained is the protection of the upper sur- 
faces from being chilled at night by radiation. There 
is nothing improbable in the upper surface needing 
protection more than the lower, as the two differ in 
function and structure. All gardeners know that 
plants suffer from radiation. It is this and not 
cold winds which the peasants of Southern Europe 
fear for their olives.^ Seedlings are often protected 
from radiation by a very thin covering of straw’ ; and 
fruit-trees on walls by a few fir-branches, or even by a 
fishing-net, suspended over them. There is a variety 
of the gooseberry,§ the flowers of which from being 
produced before the leaves, arc not protected by 
tlicm from radiation, and consequently often fail to 
yield fruit. An excellent observer || has remarked 



* Pfeffer, ‘ Die Pi riod. Beweg. 
der Blattorganc.’ 187o, p. 15D. 

t ‘ Die Nut Wagerechte Rieh- 
tung von PflimzentheilLn,’ 1870, 
p. 52. 

t Martins in ‘Bull. Soo. Ifot. 
de France,' tom xix. 1872. 
Wells, in his famous ‘ Essay on 



Dew,’ remaiks that an exposed 
thermometer rises as soon as even 
a fleecy cloud, high in the sky, 
pas.-es over the zenith. 

§ ‘Loudon’s Gardener’s Mag.,’ 
vol. iv. 1828, p. 112. 

II Mr. Rivers in ‘Ganlcnet’a 
Chron.,’ 1866, p. 732. 
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that one variety of the cherry has the petals of its 
flowers much curled backwards, and after a severe 
frost all the stigmas were killed ; whilst at the same 
time, in another variety with incurved petals, the 
stigmas were not in the least injured. 

This view that the sleep of leaves saves them from 
being chilled at night by radiation, would no doubt 
have occurred to Innnneus, had the principle of radia- 
tion been then discovered ; for he suggests in many 
parts of his ‘ Somnus Plantarum’ that the position of 
the leaves at night protects the young stems and 
buds, and often the young inflorescence, against cold 
winds. AVe are far from doubting that an additional 
advantage may be thus gained ; and we have observed 
with several plants, for instance, Desmodium gijrans, 
that whilst the blade of the leaf sinks vertically down at 
night, the petiole rises, so that the blade has to move 
through a greater angle in order to assume itsT-ertical 
position than would otherwise have been necessary ; but 
with the result that all the leaves on the same plant 
are crowded together as if for mutual protection. 

We doubted at first whether radiation would affect 
in any important manner objects so thin as are many 
cotyledons and leaves, and more especially affect dif- 
ferently their upper and lower surfaces ; for although 
the temperature of their upper surfaces would un- 
doubtedly fall when freely exposed to a clear sky, yet 
we thought that they would so cpiickly acquire by 
conduction the temperature of the surrounding air, 
that it could hardly make any sensible difference 
to them, whether they stood horizontally and radiated 
into the open sky, or vertically and radiated chiefly 
in a lateral direction towards neighbouring plants and 
other objects. We endeavoured, therefore, to Jiscer- 
taiu something on tins head by preventing the leaves 
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of several plants from going to sleep, and by exposing 
to a clear sky when the temperature was beneath 
the freezing-j)oint, these, as well as tlie other leaves 
on the same plants which had already assumed their 
nocturnal vertical position. Our experiments show 
that leaves thus compelled to remain horizontal at 
night, suffered much more injury from frost than 
thos(; which were allowed to assume their normal 
vertical position. It may, however, be said that 
conclusions drawn from such observations are not 
applicable to sleeping plants, the inhabitants of 
countries where frosts do not occur. But in every 
country, and at all seasons, leaves must be exposed to 
nocturnal chills through radiation, which might be in 
some degree injurious to them, and which they would 
escape by assuming a vertical position. 

In our experiments, leaves were prevented from 
assuming their nyctitropic position, generally by 
being fastened with the finest entomological pins 
(which did not sensibly injure them) to thin sheets 
of cork supported on sticks. But in some instances 
they were fastened down by narrow strips of card, 
and in others by their petioles being'passed through 
slits in the cork. The leaves were at first fastened 
close to the cork, for as this is a bad conductor, and as 
the leaves were not exposed for long periods, we thought 
that the cork, which had been kept in the house, would 
very slightly warm them ; so that if they were injured 
by the frost in a greater degree than the free vertical 
leaves, the evidence would be so much the stronger 
that the horizontal position was injurious. But we 
found that when there was any slight difference in the 
result, which could be detected only occasionally, the 
leaves which had been fastened closely down suffered 
rather more than those fastened with very long and 
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thin pins, so as to stand from ^ to f inch above the 
cork. This difference in the result, which is in itself 
curious as showing what a very slight difference in 
the conditions influences the amount of injury in- 
flicted, may be attributed, as we believe, to the sur- 
rounding warmer air not circulating freely beneath the 
closely pinned leaves and thus slightly warming them. 
This conclusion is supported by some analogous facts 
hereafter to be given. 

We will now describe in detail the experiments 
which were tried. These were troublesome from our 
not being able to predict how much cold the leaves of 
the several species could endure. Many plants had 
every leaf killed, both those which were secured in 
a horizontal position and those which were allowed to 
sleep — that is, to rise up or sink down vertically. 
Others again had not a single leaf in the least in- 
jured, and these had to be re-exposed either for a 
longer time or to a lower temperature. 

Oxalis acctosella . — A very large pot, thickly covered with 
between 300 and 400 leaves, had been kept all winter in the 
greenhouse. Seven leaves were pinned horizontally open, 
and were exposed on March IGth for 2 h. to a clear sky, the 
temperature on the surrounding grass being — 4° C. (24° to 
25° F.). Next morning all seven leaves were found quite 
killed, so were many of the free ones which had previously 
gone to sleep, and about 100 of them, either dead or browned 
and injured, were picked off. Some leaves showed that they 
had been slightly injured by not expanding during the whole 
of the next day, though they afterwards recovered. As all the 
leaves which were pinned open were killed, and only about a 
third or foiu-th of the others were either killed or injured, we 
had some little evidence that those which were prevented from 
assuming their vertically dependent position suffered most. 

The following night (17th) was clear and almost equally cold 
(— 3° to — 4° C. on the grass), and the pot was again exposed, 
but this time for only 30 m. Eight leaves liad been pinned out, 
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and in the morning two of them wefe dead, whilst not a single 
other leaf on tlie many plants was even injured. 

On the 23rd the pot was exposed for 1 h. 30 m., the tempera- 
ture on the grass being only - 2° C., and not one leaf was 
injured: the pinned open leaves, however, all stood from 
1 to J of an inch above the cork. 

On the 24th the pot was again placed on the ground and 
exposed to a clear sky for between 35 m. and 40 m. By a mis- 
take the thermometer was left on an adjoining sun-dial 3 feet 
high, instead of being placed on the grass ; it recorded 25° to 
26° F. (- 3'3° to - 3-8° C.), but when looked at after 1 h. had 
fallen to 22° F. (— 5‘5°C.); so that the pot was*|ierhaps exposed 
to rather a lower temperature than on the two first occ.asions. 
Eight loaves had been pinned out, some close to the cork and 
some above it, and on the following morning five of them (i.e. 
63 per cent.) were found killed. By counting a portion of the 
leaves we estimated that about 250 had been allowed to go to 
sleep, and of these about 20 were killed (i.e. only 8 per cent.), 
and alx)ut 30 injured. 

Considering these cases, there can be no doubt that the 
leaves of this Oxalis, when allowed to assume their normal 
vertically dependent position at night, suffer much less from 
frost than those (23 in number) which had their upper surfaces 
exix)sed to the zenith. 

Oxalis carnosa . — A plant of this Chilian species was exposed 
for 30 m. to a clear sky, the thermometer on the grass standing 
at — 2° C , with some of its leaves pinned open, and not one leaf 
on the whole bushy plant was in the least injui-ed. On the 
16th of March another plant was similarly exposed for 30 m., 
when the temperature on the grass was only a little lower, viz ’ 
— 3° to — 4° C. Six of the leaves had been pinned open, and 
next morning five of them were found much browned. Tbe 
plant was a large one, and none of the free leaves, which 
were asleep and depended vertically, were browned, excepting 
four very young ones. But three other leaves, though not 
browned, were in a rather flaccid condition, and retained their 
nocturnal position during the whole of the following day. In 
this case it was obvious that the leaves which were exposed hori- 
zontally to the zenith suffered most. This same pot was after- 
wards exposed for 35-40 m. on a slightly colder night, and 
every leaf, both the pinned open and the free ones, was killed. 
It may be added that two pots of 0. coniiculata (var. Atro- 
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purpurea) were exposed for 2 h. and 3 h. to a clear sky with the 
temp, on grass — 2° C., and none of the leaves, whether free or 
pinned open, were at all injured. 

Arachis hypogcea . — Some plants in a pot were exposed at night 
for 30 m. to a clear sky, the temperature on the surrounding 
grass being — 2° C., and on two nights afterwards they were again 
exposed to the same temperature, but this time during 1 h. 30 m. 
On neither occasion was a single leaf, whether pinned open or 
free, injured ; and this surprised us much, considering its native 
trojiical African home. Two plants were next exposed (March 
16th) for 30 m. to a clear sky, the temperature of the surrounding 
grass being now lower, viz., between — 3° and - 4° C., and all 
four pinned-open leaves were killed and blackened. These two 
plants bore 22 other and free leaves (excluding some very young 
bud-like ones) and only two of these were killed and three some- 
what injured ; that is, 23 per cent, were either killed or injurtd, 
whereas all four pinned open leaves were utterly killed. 

On another night two pots with several plants were exposed 
for between 35 m. and 40 m. to a clear sky, and perhaps to a . 
rather lower temperature, for a thermometer on a dial, 3 feet 
high, close by stood at — 3'3° to — 3'8° C. In one pot three 
leaves were pinned open, and all were badly injured ; of the 
44 free leaves, 26 were injured, that is, 59 per cent. In the 
other pot 3 leaves were pinned open and all were killed; four 
other leaves were prevented from sleeping by narrow strips of 
stiff paper gummed across them, and all were killed; of 24 free 
leaves, 10 were killed, 2 much injured, and 12 unhurt ; that is, 
50 per cent, of the free leaves were either killed or much in- 
jured. Taking the two pots together, we may say that rather 
more than half of the free leaves, which were asleep, were either 
killed or injured, whilst all the ten horizontally extended leaves, 
which had been prevented from going to sleep, were either killed 
or much injured. 

Cassia floribunda.—A bush was exposed at night for 40 m. to 
a clear sky, the temperature on the surrounding grass being 
— 2° C., ami not a leaf was injured.* It was again exposed on 



* Cassia Ivvigala was exposed 
to a elei.r sky fur 35 m., and C. 
mlliaiith i (a Guiana species) for 
(JO m., the temperature on the 
8urr(junding grass being — 2° C., 
and neilluT were in the least 



injured. But when C. licvignla 
was exposed for 1 h., the temp, 
on the surrounding grass being 
between — 3° and — 4° C., every 
leaf was killed. 
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another night for 1 h., when the temperature of the grass was 
— 4° C. ; and now all the leaves on a large bush, whether pinned 
flat open or free, were killed, blackened, and shrivelled, with 
the exception of those on one small branch, low down, which 
was very slightly protected by the leaves on the branches 
above. Another tall bush, with four of its large comj>ound 
leaves pinned out horizontally, was afterwards exposed (temji. 
of surrounding grass exactly the same, viz., — 4° C.), but ordy 
for 30 m. On the following morning every single leaflet on 
these four leaves was dead, with both their upper and lower 
surfaces completely blackened. Of the many free leaves on the 
bush, only seven were blackened, and of these only a single one 
(which was a younger and more tender leaf than any of the 
pinned ones) had both surfaces of the leaflets blackened. The 
contrast in this latter respect was well shown by a free leaf, which 
stood between two pinned-open ones ; for these latter had the 
lower surfaces of their leaflets as black as ink, whilst the inter- 
mediate free leaf, though badly injured, still retained a plain 
.tinge of green on the lower surface of the leaflets. This bush 
exhibited in a striking manner the evil efiects of the leaves not 
being allowed to a-ssume at night their normal dependent posi- 
tion ; for had they all been prevented from doing so, assuredly 
every single leaf on the bush would have been utterly killed by 
this exposure of only 30 m. The leaves whilst sinking down- 
wards in the evening twist round, so that the upper surface is 
turned inwards, and is thus better protected than the outwardly 
turned lower surface. Nevertheless, it was always the upper 
surface which was more blackened than the lower, whenever 
any difference could lie perceived between them ; but whether this 
was due to the cells near the upper surface being more tender, 
or merely to their containing more chlorophyll, we do not know. 

Miiilutus officinalis— A large pot with many plants, which 
had been kept during the winter in the greenhouse, was exposed 
during 5 h. at night to a slight frost and clear sky. Four 
leaves had been pinned out, and these died after a few days ; 
but so did many of the free leaves. Therefore nothing certain 
could be inferred from this trial, tliough it indicated that the 
Horizontally extended leaves suffered most. Another large pot 
with many plants was next exiiosed for 1 h., the temperature on 
the surrounding grass being lower, viz., — 3° to - 4° C. Ten 
leaves had been pinned out, and the result was striking, for 
on the following morning all these were found much injured or 
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killed, and none of the many free leaves on the several plants 
were at all injured, with the doubtful exception of two or 
three very young ones. 

Melilolus Italica. — Six leaves were pinned out horizontally, 
three with their upper and three with their lower surfaces turnc<l 
to the zenith. The plants were exposed for 5 h. to a clear sky, 
the temperature on ground being about - 1° C. Next morning 
the six pinned-oiien leaves seemed more injured even than the 
younger and more tender free ones on the same branches. The 
exposure, however, had been too long, for after an interval of 
some days many of the free leaves seemed in almost as bad a 
condition as the pinned-out ones. It was not possible to decide 
whether the leaves with their upper or those with theii- lower 
surfaces turned to the zenith had suffered most. 

Melilotus sttaveolens. — Some plants with 8 leaves pinned out 
were exposed to a clear sky during 2 h., the temperature on the 
surrounding grass being — 2° C. Next morning 6 out of these 
8 leaves were in a flaccid condition. There were about 150 free 
leaves on the plant, and none of these were injured, except 2 or 3 
very young ones. But 'after two days, the plants having been 
brought back into the greenhouse, the 6 pinned-out leaves all 
recovered. 

Melilotus Taurica. — Several plants were exposed for 5 h. during 
two nights to a clear sky and slight frost, accompanied by some 
wind ; and 5 leaves which had been pinned out suffered more 
than those both above and below on the same branches which 
had gone to sleep. Another pot, which had likewise been kept 
in the greenhouse, was exposed for 35-40 m. to a clear sky, 
the temperature of the surrounding grass being between - 3° and 

— 4° C. Nine leaves had been pinned out, and all of these were 
killed. On the same plants there were 210 free leaves, which 
had been allowed to go to sleep, and of these about 80 were 
killed, i.e. only 38 per cent. 

Melilotus Fetitpierrtana . — The plants were exposed to a clear 
sky for 35-40 m. : temperature on surrounding grass - 3° to 

— 4° C. Six leaves had been pinned out so as to stand about 
1 inch above the cork, and four had been pinned close to it. 
These 10 leaves were all killed, but the closely pinned ones 
suffered most, as 4 of the 6 which stood above the cork still 
retained small patches of a green colour. A considerable 
number, but not nearly all, of the free leaves, were killed or 
much injured, whereas all the pinned out ones were killed. 
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Melilotus macrorrhiza . — The plfints were exposed in the same 
manner as in the last case. Six leaves had been pinned out 
horizontally, and five of them were killed, that is, 83 per cent. 
We estimated that there were 200 free leaves on the plants, and 
of these about 50 were killed and 20 badly injured, so that about 
35 per cent, of the free leaves were killed or injured. 

Lotus ansfato.— Six plants were exposed for nearly 5 h. to a 
clear sky; temperature on surrounding grass — 1‘5° C. Four 
leaves had been pinned out horizontally, and 2 of these suffered 
more than those above or below on the same branches, which 
had lieen allowed to go to sleep. It is rather a remarkable fact 
that some plants of Lotus Jacoheeus, an inhabitant of so hot a 
country as the Cai)e Verde Islands, were exposed one night to a 
clear sky, with the temperature of the surrounding grass — 2° C., 
and on a second night for 30 m. with the temperature of 
the grass between - 3° and - 4° C., and not a single leaf, either 
the pinned-out or free ones, was in the least injured. 

Ma7-silca quadrifoUata . — A large plant of this species — the 
only Cryptogamic plant known to sleep— with some leaves pinned 
open, was exposed for 1 h. 35 m. to a clear sky, the temperature 
on the surrounding ground being — 2° C., and not a single leaf 
was injured. After an interval of some days the plant was again 
exposed for I h. to a clear sky, with the temperature on the 
surrounding ground lower, viz., — 4° C. Six leaves had been 
pinned out horizontally, and all of them were utterly killed. 
The plant had emitted long trailing stems, and these had been 
wrapped round with a blanket, so as to protect them from the 
frozen ground and from radiation ; but a very large number 
of leaves were left freely exposed, which had gone to sleep, 
and of these only 12 were killed. After another interval, the 
jilant, with 9 leaves pinned out, was again exposed for 1 h., the 
temperature on the ground being again — 4° C. Six of the leaves 
Were killed, and one which did not at first appear injured after- 
wards became streaked with brown. The trailing branches, which 
rested on the frozen ground, had one-half or three-quarters of their 
leaves killed, but of the many other leaves on the plant, which 
alone could be fairly compared with the pinned-out ones, none 
appeared at first sight to have been killed, but on careful search 
12 were found in this state. After another interval, the plant 
with 9 leaves pinned out, was exposed for 35-40 m. to a clear 
sky and to nearly the same, or perhaps a rather lower, tempera- 
ture (for the thermometer by an accident had been left on a 
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sun-dial close by), and 8 of tho.se leayes were killed. Of the free 
leaves (those on the trailing branches not being considered), a 
good many were killed, but their number, compared with the 
uninjured ones, was small. Finally, taking the three trials 
together, 24 leaves, extended horizontally, were exposed to the 
zenith and to unobstructed radiation, and of these 20 were 
killed and 1 injured ; whilst a relatively very small proportion 
of the leaves, which had been allowed to go to sleep with their 
leaflets vertically dependent, were killed or injured. 

The cotyledons of several plants were prepared for trial, but 
the weather was mild and we succeeded only in a single instance 
in having seedlings of the proper age on nights which were 
clear and cold. The cotyledons of 6 seedlings of Mimosa jiudica 
were fastened open on cork, and were thus exposed for 1 h. 45 m. 
to a clear sky, with the temperature on the surrounding ground 
at 29° F. ; of these, 3 were killed. Two other seedlings, after 
their cotyledons had risen up and had closed together, were 
bent over and fastened so that they stood horizontally, with the 
lower surface of one cotyledon fully exposed to the zenith, and 
both were killed. Therefore of the 8 seedlings thus tried 5, or 
more than half, were killed. Seven other seedlings, with their 
cotyledons in their normal nocturnal position, viz., vertical and 
closed, were exposed at the same time, and of these only 2 were 
killed.* Hence it appears, as far as these few trials tell anything, 
that the vertical position at night of the cotyledons of Mimosa 
pudica protects them to a certain degree from the evil effects of 
radiation and cold. 

Concluding Remarhs on the Radiation from Leaves 
at Night. — AVe exposed on two occasions during the 
summer to a clear sky several pinned-open leaflets 
of Trifolium pratense, which naturally rise at night, 
and of Oxalis purpurea, which naturally sink at night 
(tlie plants growing out of doors), and looked at 



* tVe were surprised that 
yo'.ing seedlings of so tropioal a 
plant as d/imosn piidico were able 
to resir-t, as well as they did, ex- 
posure for 1 hr. 4.0 m. to a clear 
sky, the temperature on the sur- 
rounding ground being 29° F. 



It may be added that seedlings of 
the Indian Cassia pubescens were 
exposed for I b. 30 m. to a clear 
sky, with the temp, on the sur- 
rounding ground at — 2° C., and 
they were not in the least injured. 
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them early on several successive mornings, after they 
had assumed their diurnal positions. The difference 
in the amount 'of dew on the pinned-open leaflets 
and on those which had gone to sleep was generally 
conspicuous ; the latter being sometimes absolutely 
dry, whilst the leaflets which had been horizontal 
were coated with large beads of dew. This shows how 
much cooler the leaflets fully exposed to the zenith 
must have become, than those which stood almost 
vertically, either uj>wards or downwards, during the 
night. 

From the several cases above given, there can be mo 
doubt that the position of the leaves at night affects 
their temperature through radiation to such a degree, 
that when exposed to a clear sky during a frost, it is a 
question of life and death. We may therefore admit 
as highly probable, seeing that their nocturnal posi- 
tion is so well adapted to lessen radiation, that the 
object gained by their often complicated sleep move- 
ments, is to lessen the degree to which they are 
chilled at night. It should be kept in mind that 
it is especially the upper surface which is thus pro- 
tected, as it is never directed towards the zenith, and 
is often brought into close contact with the upper 
surface of an opposite leaf or leaflet. 

We failed to obtain sufficient evidence, whether 
the better protection of the upper surface has been 
gained from its being more easily injured than the 
lower surface, or from its injury being a greater evil 
to the plant. That there is some difference in consti- 
tution between the two surfaces is shown by the follow- 
ing cases. Cassia Jloribunda was exposed to a clear sky 
on a sharp frosty night, aud several leaflets which 
had assumed their nocturnal dependent position with 
their low'cr surfaces turned outwards so as to be 
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exposed obliquely to tlie zenith, nevertheless had these 
lower surfaces less bhickeucd than the upper surfaces 
which were turned inwards and were in close contact 
with those of the opposite leaflets. Again, a pot 
full of plants of Trifolium resxipinatum, wliich had 
been kept in a warm room for three days, was turned 
out of doors (Sept. 21st) on a clear and almost frosty 
night. Next morning ten of the terminal leaflets were 
examined as opaque objects under the microscope. 
These leaflets, in going to sleep, either turn vertically 
upwards, or more commonly bend a little over the 
lateral leaflets, so that their lower surfaces are more 
exposed to the zenith than their upper surfaces. 
Nevertheless, six of these ten leaflets were distinctly 
yellower on the upper than on the lower and more 
exposed surface. In the remaining four, the result 
was not so plain, but certainly whatever diftcrence 
there was leaned to the side of the upper surlace 
having suffered most. 

It has been stated that some of the leaflets experi- 
mented on were fastened close to the cork, and others 
at a height of from i to ^ of an inch above it ; aiul 
that whenever, after exposure to a frost, any difference 
could be detected in their states, the closely pinned 
ones had suffered most. We attributed this difference 
to the air, not cooled by radiation, having been pre- 
vented from circulating freely beneath the closely 
pinned leaflets. That there was really a diflerence in 
the temperature of leaves treated in these two dif- 
ferent methods, was plainly shown on one occasion ; 
for after the exposure of a pot with plants of Melilotus 
dentata for 2 h. to a clear sky (the tem 2 )erature on the 
surrounding grass being — 2’ C.), it was manifest that 
more dew had congealed into hoar-frost on the closely 
pinned leaflets, than on those which stood horizontally 
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a little above the cork. Again, the tips of some few 
leaflets, which had been pinned close to the cork, pro- 
ected a little beyond the edge, so that the air could 
circulate freely round them. This occurred with six 
leaflets of Oxalis acetosella, and their tips certainly 
suffered rather less than the rest of the same leaflets ; 
for on the following morning they a cre still slightl)^ 
green. The same result followed, even still more 
clearly, in two cases with leaflets of Meliloius officinalis 
which projected a little beyond the cork ; and in two 
other cases some leaflets which were pintied close to 
the cork were injured, whilst other free leaflets on 
the same leaves, which had not space to rotate and 
assume their proper vertical position, were not at all 
injured. 

Another analogous fact deserves notice : we observed 
on several occasions that a greater number of free 
leaves were injured on the branches which had been 
kept motionless by some of their leaves having been 
pinned to the corks, than on the other branches. This 
was conspicuously the case with those of Melilotus 
Petitpierreana, but the injured leaves in this instance 
were not actually counted. With Araehis hypogsea, a 
young plant with 7 stems bore 22 free leaves, and of 
these 5 were injured by the frost, all of which were on 
two stems, bearing four leaves pinned to the cork- 
supports. With Oxalis carnosa, 7 free leaves were 
injured, and every one of them belonged to a cluster 
of leaves, some of which had been pinned to the cork. 
We could account for these cases o:ily by sujjposing 
that the branches which were quite free had been 
slightly waved about by the wind, and that their 
leaves had thus been a little warmed by the sur- 
rounding warmer air. If we hold our hands motion- 
less before a hot fire, and then wave them about, we 
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immediately feel relief ; and this is evidently an 
analogous, though reversed, case. These several facts 
— in relation to leaves pinned close to or a little above 
the cork-supports — to their tips projecting beyond it — 
and to the leaves on branches kept motionless — seem 
to us curious, as showing how a difference, apparently 
trilling, may determine the greater or less injury of 
the leaves. We may even infer as probable that the 
less or greater destruction during a frost of the leaves 
on a plant which does not sleep, may often depend on 
the greater or less degree of flexibility of their petioles 
and of the branches which bear them. 

Nyctitropic or Sleep Movements of Cotyledons. 

We now come to the descriptive part of our work, 
and will begin with cotyledons, passing on to leaves 
in the next chapter. We have met with only two 
brief notices of cotyledons sleeping. Hofmeister,* 
after stating that the cotyledons of all the observed 
seedlings of the Caryophyllem (Alsinete and Silenete) 
bend upwards at night (but to what angle he does not 
state), remarks that those of Stellaria media rise up so 
as to touch one another ; they may therefore safely be 
said to sleep. Secondly, according to Harney, t the 
cotyledons of Mimosa pudica and of Clianihus Dam- 
pieri rise up almost vertically at night and approach 
each other closely. It has been shown in a previous 
chapter that the cotyledons of a large number of 
I)lants bend a little upwards at night, and we here 
have to meet the difficult question at what inclination 
may they be said to sleep? According to the view 
which we maintain, no movement deserves to be called 



• ‘Dio Leliro von der Pflnnzi'iizellc,’ 18G7, p. 327. 
t ‘Adansonia,’ Murch lOlh, 1869. 
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nyctitropic, unless it has been acquired for the sake of 
lessening radiation ; but this could be discovered only 
by a long scries of exj)eriments, showing that the 
leaves of each species suffered from this cause, if pre- 
vented from sleej)ing. AVe must therefore take an 
arbitrary limit. If a cotyledon or leaf is inclined at 
GU° above or beneath the horizon, it exposes to the 
zenith about one-half of its area; consequently the 
intensity of its radiation will be lessened by about 
half, compared with what it would have been if the 
cotyledon or leaf had remained horizontal. This 
degree of diminution certainly would make a great 
difference to a jjlant having a tender constitution. 
We will therefore speak of a cotyledon and hereafter 
of a leaf as sleeping, only when it rises at night to 
an angle of about 60°, or to a still higher angle, above 
the horizon, or sinks beneath it to the same amount. 
Not but that a lessor diminution of radiation may be 
advantageous to a plant, as in the case of Batura 
stramonium, the cotyledons of which rose from 31° at 
noon to 55° at night above the horizon. The Swedish 
turnip may profit by the area of its leaves being 
reduced at night by about 30 per cent., as estimated 
by Al r. A. S. AMlson ; though in this case the angle 
through which the leaves rose was not observed. On 
the other hand, when the angular rise of cotyledons or 
of leaves is small, such as loss than 30°, the diminution 
ot radiation is so slight that it probably is of no sig- 
nificance to the plant in relation to radiation. For 
instance, the cotyledons of Geranium Ihericum rose at 
night to 27° above the horizon, and this would lessen 
radiation by only 11 per cent. : tliose of Linum Beren- 
dieri rose to 33°, and this would lessen radiation by 
16 per cent. 

There are, howevei*, some other sources of doubt with 
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respect to the sleep of cotyledons. In certain cases, 
the cotyledons whilst young diverge during the day to 
only a very moderate extent, so that a small rise at 
night, which we know occurs with the cotyledons of 
many plants, would necessarily cause them to assume 
a vertical or nearly vertical position at night ; and in 
this case it would be rash to infer that the movement 
was effected for any special purpose. On this account 
we hesitated long whether we sliould introduce several 
Cucurhitaceous plants into the following list ; but from 
reasons, presently to be given, we thought that they 
had better be at least temporarily included. Tliis 
same source of doubt applies in some few other cases ; 
for at the commencement of our observations we did 
not always attend sufficiently to whether the cotyle- 
dons stood nearly horizontally in the middle of the day. 
With several seedlings, the cotyledons assume a highly 
inclined position at night during so short a period of 
their life, that a doubt naturally arises whether this 
can be of any service to the plant. Nevertheless, in 
most of the cases given in the following list, the coty- 
ledons may be as certainly said to sleep as may the 
leaves of any plant. In two cases, namely, with the 
cabbage and radish, the cotyledons of which rise almost 
vertically during the few lirst nights of their life, it 
was ascertained by j)lacing young seedlings in the 
klinostat, that the upward movement was not due to 
apogeotropism. 

The names of the plants, the cotyledons of which 
stand at night at an angle of at least GO^ with the 
horizon, are arranged in the appended list on the same 
system as previously followed. The numbers of the 
Families, and with the Leguminosas the numbers of 
the Tribes, have been added to show how widely 
the plants in question are distributed throughout the 
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dicotyledonous series. A few remarks will have to 
be made about many of the plants in the list. In 
doing so, it will be convenient not to follow strictly 
any systematic order, but to treat of the Oxalidae 
and the Leguminosae at the close ; for in these 
two Families the cotyledons are generally provided 
with a pulvinus, and their movements endure for a 
much longer time than those of the other plants in 
the list. 



List of Seedling Plants, the cotyledons of tvhich rise or sink at 
night to an angle of at least 60° above or beneath the horizon. 
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List of Seedling Plants (continued). 




' Amaranthus caudatus. Amaran- 
1 thacca: (Fam. 180). 

1 Cannabis saliva (?). Cannabinea- 
I (Fain. 19a). 



Polygonea: (Fam. 



Brasska oleracea (Cruci ferae). -It was shown in the fii'st chapter 
that the cotyledons of the common cabbage rise in the evening 
and stand vertically up at night with their petioles in contact. 
But as the two cotyledons are of unequal height, they frequently 
interfere a little with each other’s movements, the shorter one 
often not standing quite vertically. They awake early in the 
morning; thus at 6.45 a.m. on Nov. 27th, whilst it was stilt 
dark, the cotyledons, which had been vertical and in contact on 
the previous evening, were reflexed, and thus presented a very 
different appearance. It should be borne in mind that seedlings 
in germinating at the proper season, would not be subjected to 
darkness at this hour in the morning. The above amount^ of 
movement of the eotyledons is only temporary, lasting with plants 
kept in a warm greenhouse from four to six days ; how long it 
would last with seedlings growing out of doors we do not know. 

Baphanus sativus.—ln the middle of the day the blades of 
the cotyledons of 10 seedlings stood at right angles to their 
hypocotyls, with their petioles a little divergent ; at night the 
blades stood vertically, with their bases in contact and with 
their petioles parallel. Next morning, at 6.45 a.m., whilst it 
was still dark, the blades were horizontal. On the following 
night they were much raised, but hardly stood sufficiently ver- 
tical to be said to be asleep, and so it was in a still less degree 
on the third night. Therefore the cotyledons of this plant (kept 
in the greenhouse) go to sleep for even a shorter time than 
those of the eabbage. Similar observations were made, but only 
during a single day and night, on 13 other seedlings likewise 
raised in the greenhouse, with the same result. 

The petioles of the eotyledons of 11 young seedlings of 
Sintipis nigra were slightly divergent at noon, and the blades 
stood at right angles to the hypocotyls ; at night the petioles 
were in close contact, and the blades considerably raised, 
with their bases in contact, but only a few stood sufficiently 
upright to be called asleep. On the following morning, 
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the petioles diverged before it was light. The hypocotyl is 
slightly sensitive, so that if rubbed with a needle it bends 
towards the rublied side. In the ease of Lepidium sntimtm, the 
petioles of the cotyledons of young seedlings diverge during 
the day and converge so as to touch each other during the 
night, by which means the bases of the tripartite blades are ' 
brought into contact ; but the blades are so little raised that 
they cannot be said to sleep. The cotyledons of several other 
cruciferous plants were observed, but they did not rise sufficiently 
during the night to be said to sleep. 

Oithago segetum (Caryophylleoe). — On the first day after the 
cotyledons had burst through the seed-coats, they stood at noon 
at an angle of 75° above the horizon ; at night they moved 
upwards, each through an angle of 15° so as to stand quite 
vertical and in contact with one another. On the second day 
they stood at noon at 59° above the horizon, and again at 
night were completely closed, each having risen 31°. On the 
fourth day the cotyledons did not quite close at night. The 
first and succeeding pairs of young true leaves behaved in 
exactly the same manner. We think that the movement in this 
case may be called nyctitropic, though the angle passed through 
was small. The cotyledons are very sensitive to light and will 
not expand if exposed to an exti-emcly dim one. 

Anoda Wrightii (Malvacem). — The cotyledons whilst moderately 
young, and only from '2 to -3 inch in diameter, sink in the 
evening from their mid-day horizontal position to about 35° 
beneath the horizon. But when the same seedlings were older 
and had produced small true leaves, the almost orbicular 
cotyledons, now '55 inch in diameter, moved vertically downwards 
at night. This fact made us suspect that their sinking might 
be due merely to their weight ; but they were not in the least 
flaccid, and when lifted up sprang back through elasticity into 
their former dependent position. A pot with some old seedlings 
was turned upside down in the afternoon, before the noc- 
turnal fall had commenced, and at night they as.sumed in op- 
position to their own weight (and to any geotropic action) an 
upwardly directed vertical position. When pots were thus 
reversed, after the evening fall had already commenced, the 
sinking movement appeared to be somewhat disturbed ; but all 
their movements were occasionally variable without any apparent 
cause. This latter fact, as well as that of the young cotyledons 
not sinking nearly so much as the older ones, deserves notice. 
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Although the movemeut of the cotyledons endured for a long 
time, no pulvinus was exteriorly visible; but their growth 
continued for a long time. The cotyledons appear to be only 
slightly heliotropic, though the hypocotyl is strongly so. 

Oussypiuinarboieum{2) (var. Nankin cotton) (Malvaceffi). — The 
cotyledons behave in nearly the same manner as those of the 
Anoda. On June 15th the cotyledons of two seedlings wore 
•65 inch in length (measured along the midrib) and stood hori- 
zontally at noon ; at 10 i'.m. they occupied the same position 
and had not fallen at all. On June 23rd, the cotyledons of one 
of these seedlings were 11 inch in length, and by 10 p.m. they 
had fallen from a horizontal position to 62° beneath the horizon. 
The cotyledons of the other seedling were 1'3 inch in length, and 
a minute true leaf had been formed ; they had fallen at 10 p.m. 
to 70° beneath the horizon. On June 25th, the true leaf of this 
latter seedling was ’9 inch in length, and the cotyledons occu- 
pied nearly the same position at night. By July 9th the cotyle- 
dons appeared very old and showed signs of withering ; but they 
stood at noon almost horizontally, and at 10 p.m. hung down 
vertically. 

Oossypium lurhjceum . — It is remarkable that the cotyletlons of 
this species behave differently from those of the last. They were 
observed during 6 weeks from their first development until 
they had grown to a very large size (still appearing fresh and 
green), viz. 2s inches in breadth. At this age a true leaf had 
been formed, which with its petiole was 2 inches long. During 
the whole of these 6 weeks the cotyledons did not sink at night ; 
yet when old their weight was considerable and they were borne 
by much elongated petioles. Seedlings raised from some seed 
scut us from Naples, behaved in the same manner ; as did those 
of a kind cultivated in Alabama and of the Sea-island cotton. 
To what species these three latter forms belong we do not know. 
We could not make out in the case of the Naples cotton, that 
the position of the cotyledons at night was influenced by the 
soil being more or less dry ; care being taken that they wore 
not rendered flaccid by being too dry. The weight of the large 
cotyledons ot the Alabama and Sea-island kinds caused them to 
haug somewhat downwards, when the pots in which they grew 
were left for a time upside down. It should, however, bo 
observed that these three kinds were raised in the middle of 
the winter, which sometimes greatly interferes with the proper 
uyetitropic movements of leaves and cotyledons. 

14 



© The Complete Work of Charles Darwin Online 



304 



MODIFIED CIRCUMXUTATION. 



Chap. VI. 



Cucurbit ice(e. — The cotyledons of Cucurhita aurantia and ovi- 
fera, and of Lagenuria vulgaris, stand from the 1st to the 3rd day 
of their life at about 60° above the horizon, and at night rise up 
so as to become vertical and in close contact with one another. 
With Cucumis dudaim they stood at noon at 45° above the hori- 
zon, and closed at night. The tips of the cotyledons of all these 
species are, however, reflesed, so that this part is fully exposed 
to the zenith at night ; and this fact is opposed to the belief 
that the movement is of the same nature as that of sleeping 
plants. After the first two or three days the cotyledons 
diverge more during the day and cease to close at night. 
Those of Trichosaiilhes anguina are somewhat thick and fleshy, 
and did not rise at night ; and they could perhaps hardly be 
expected to do so. On the other hand, those of Acauthnsicyos 
horrlda * present nothing in their appearance opposed to their 
moving at night in the same manner as the preceding species ; 
yet they did not rise up in any plain manner. This fact leads 
to the belief that the nocturnal movements of the above-named 
species has been acquired for some special pm-pose, which may 
be to protect the young plumule from radiation, by the close 
contact of the whole basal portion of the two cotyledons. 

Giranium rotundi/aUum (Geraniacea;).— A single seedling came 
up accidentally in a pot, and its cotyledons were observed to 
bend perpendicularly dowTiwards during several successive 
nights, having been horizontal at noon. It grew into a fine 
plant but died before flowering: it was sent to Kew and pro- 
noimced to be certainly a Geranium, and in all probability the 
above-named species. This case is remarkable because the 
cotyledons of G. ciiiereum, Endressii, Ibericum, Bichardsoni, and 
suhatul scfus were observed during some weeks in the winter, 
and they did not sink, whilst those of G. Ih ricum rose 27° at 
night. 

A/’ium pefroseUnum (Umbelliferaj).— A seedling had its coty- 
ledons (Nov. 22nd) almost fully expanded during the day; by 
8.30 p.M. they had risen considerably, and at 10.30 p.m. were 
almost closed, their tips being only of an inch apart. On 
the following morning (23rd) the tips were of an inch apart. 



• This plant, from Dammara climber ; it has been described 
Land in S. Africa, is reraiirkiible in ‘ Transact. Linn. Soc.,' xsvii 
from being tlie one known mem- p. 30. 
litr of tlie Family which is not a 
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or more than seven times as much. On the next night the 
cotyledons occupied nearly the same position as before. On the 
morning of the 2Ith they stood horizontally, and at night were 
C0° above the horizon ; and so it was on the night of the 2.jth. 
But four days afterwards (on the 29th), when the seedlings 
were a week old, the cotyledons had ceased to rise at night to 
any plain degree. 

Apiwn graveohns — The cotyledons at noon were horizontal, 
and at 10 p.m. stood at an angle of 61'’ above the horizon. 

J.actuc'i scariula (Composite). — The cotyledons whilst young 
stood sub-horizontally during the day, and at night rose so as 
to be almost vertical, and some were quite vertical and closed ; 
but this movement ceased when they had grown old and large, 
after an interval of 11 days. 

JielMiiihus uiinuus (Compositae). — This case is rather doubtful ; 
the cotyledons rise at night, and on one occasion they stood at 
73° above the horizon, so that they might then be said to have 
been asleep. 

Ipomaea cceruhri vel Ph irhitis nil (Convolvulaccae).— The coty- 
ledons behave in nearly the same manner as those of the Ano la 
and Nankin cotton, and like them grow to a large size. Whilst 
young and small, so that their blades were from -5 to ’6 of an 
inch in length, measured along the middle to the base of the 
centi-al notch, they remained horizontal both during the middle 
of the day and at night. As they increased in size they began 
to sink more and more in the evening and early night ; anil 
when they had grown to a length (measured in the alx)vo 
manner) of from 1 to 1-2.5 inch, they sank lietween 55° and 70° 
beneath the horizon. They acted, however, in this manner only 
when they had been well illuminated during the day. Never- 
theless, the cotyledons have little or no jwwer of bending 
towards a lateral light, although the hyjwcotyl is strongly helio- 
tropic. They arc not provided with a pulviuus, but continue 
to grow for a long time. 

Ipomaa purpurea (vel Pharbitis /j/s;,t'd(/).— The cotyledons 
behave in all respects like those of I. ca:rulea. A seedling with 
cotyledons -75 inch in length (measured as before) and 1-65 
inch in breadth, having a small true leaf developed, was placed 
at 5 30 P.M. on a klinostat in a darkened box, so that neither 
weight nor gcotropism could act on them. At 10 p m. one coty- 
ledon stood at 77° and the other at 82° beneath the horizon. 
Before being placed in the klinostat they stood at 15° and 29° 
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beneath the liorizon. The nocturnal position depends chiefly 
on the curvature of the j)etiole close to the blade, but the whole 
petiole becomes slightly curved downwards. It deserves notice 
that seedlings of this and the last-named species were raised at 
the end of February and another lot in the middle of March, 
and the cotyledons in neither case exhibited any nyctitropic 
movement. 

Jpomaa hona-nox . — The cotyledons after a few days grow to 
an enormous size, those on a young seedling being 3i inches 
in breadth. They were extended horizontally at noon, and at 
10 P.M. stood iit 63° beneath the horizon. Five days after- 
wards they were inches in breadth, and at night one stood at 
6-1° and the other 48° beneath the horizon. Though the blades 
are thin, yet from their great size and from the petioles being 
long, we imagined that their depression at night might be 
determined by their weight ; but when the pot was laid hori- 
zontally, they became curved towards the hjqjocotyl, which 
movement could not have been in the least aided by their 
weight, at the same time they were somewhat twisted upwards 
through apogeotropism. Nevertheless, the weight of the coty- 
ledons is so far influential, that when on another night the pot 
was turned upside down, they were unable to rise and thus to 
assume their proper nocturnal position. 

Iporwra coccinea . — The cotyledons whilst j’oung do not sink 
at night, but when grown a little older, but still only ’4 inch in 
length (measured as before) and ’82 in breadth, they became 
greatly depres.sed. In one case they were horizontal at noon, 
and at 10 p.m. one of them stood at 61° and the other at 47° 
beneath the horizon. The blades are thin, and the petioles, 
which become much curved down at night, are short, so that 
here weight can hardly have produced any eflfeet. With all the 
above species of Ipomoea, when the two cotyledons on the same 
seedling were unequally depressed at night, this seemed to 
depend on the position which they had held during the day 
with reference to the light. 

Sola), urn lycopersicum (Solaneaj). — The cotyledons rise so 
much at night as to come nearly in contact. Those of S. palitta- 
canthum were horizontal at noon, and by 10 p.m. had risen only 
27° 30' ; but on the following morning before it was light they 
stood at 59° above the horizon, and in the afternoon of the same 
day were again horizontal. The behaviour of the cotyledons of 
this latter species seems, therefore, to be anomalous. 
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Mirabilis j'lUpa and longiftora (Nyctagineae).— The cotyledons, 
which are of unequal size, stand horizontally during the middle 
of the day, and at night rise up vertically and come into close 
contact with one another. But this movement with M. longijlov i 
lasted for only the three first nights. 

Beta, vulgaris (Polygoneaj).— A large number of seedlings were 
observed on three occasions. During the day the cotyledons 
sometimes stood sub-horizontally, but more commonly at an 
angle of about 50° above the horizon, and for the first two or 
three nights they rose up vertically so as to be completely 
clo.sed. During the succeeding one or two nights they rose 
only a little, and afterwards hardly at all. 

Amaranthus caudatus (Amaranthacem).— At noon the coty- 
ledons of many seedlings, which liad just germinated, stood at 
about 45° above the horizon, and at 10.15 p.ji. some were nearly 
and others quite closed. On the following morning they were 
again well expanded or open. 

Cannabis sa<tua(Cannabinefe).— Weare very doubtful whether 
this plant ought to be here included. The cotyledons of a large 
number of seedlings, after being well illuminated during the 
day, were curved downwards at night, so that the tips of ,pome 
pointed directly to the ground, but the basal part did not appear 
to bo at all depressed. On the following morning they were 
again flat and horizontal. The cotyledons of many other seed- 
lings wore at the same time not in any way affected. Therefore 
this case seems very different from that of ordinary sleep, and 
probably comes under the he.ad of epinasty, as is the case with 
the leaves of this plant according to Kraus. The cotyledons are 
heliotropic, and so is the hyiMcotyl in a still stronger degi-ee. 

Oxiilis.—\Wo now come to cotyledons provided with a pulvinus, 
all of which are remarkable from the continuance of the nocturnal 
movements during several days or even weeks, and apparently 
after growth has ceased. The cotyledons of 0. rosea, floribunda 
and articulata sink vertically down at night and clasp the upper- 
part of the hsqiocotyl. Those of 0. Valdiviana and sinsitiva, on 
the contrary, rise vertically up, so that their upper surfaces come 
into close contact ; and after the young leaves are developed these 
are clasped by the cotyledons. As in the daytime they stand hori- 
zontally, or are even a little deflected beneath the horizon, they 
move in the evening through an angle of at least 90°. Their 
complicated circumnutating movements during the day havs 
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been described in the first chapter. The experiment was a 
superfluous one, but pots with seedlings of 0. rosea and florihumla 
were turned upside down, as soon as the cotyledons began to 
show any signs of sleep, and this made no difference in their 
movements. 

J.eguminosce.—\t may be seen in our list that the cotyledons 
of several species in nine genera, widely distributed through- 
out the Family, sleep at night; and this probably is the case 
with many othere. The cotyledons of all these species are pro- 
vided with a pulvinus; and the movement in all is continued 
during many days or weeks. In Cassia the cotyledons of the 
ten species in the list rise up vertically at night and come 
into close contact with one another. We observed that those 
of C. florirla oijcned in the morning rather later than those of 
r. gJauca and pubescens. The movement is exactly the same 
in C. mimosoides as in the other species, though its subsequently 
developed leaves sleep in a different manner. The cotyledons 
of an eleventh species, namely, C. nodosa, are thick and fleshy, 
and do not rise up at night. The circumnutation of the coty- 
ledons during the day of C. tora has been described in the first 
chapter. Although the cotyledons of Smithia srnsitiia rose from 
a horimital position in the middle of the day to a vertical one 
at night, those of S. Pfundii, which are thick and fleshy, did not 
sleep. When Minv sa pudka and ulhida have been kept at a 
sufficiently high temperature during the day, the cotyledons 
come into close contact at night ; otherwise they merely rise up 
almost vertically. The circumnutation of those of M. pudka 
has bfeen described. The cotyledons of a Bauhinia from St. 
Catharina in Brazil stood during the day at an angle of about 

5 above the horizon, and at night rose to 77° ; but it is pro- 
bable that they would have closed completely, if the seedlings 
had been kept in a warmer place. 

XotK,'!.— In three species of Lotus the cotyledons were observed 
to sleep. Those of L. Jacobceus present the .singular case of not 
rising at night in any conspicuous manner for the first 5 or 

6 days of their life, and the pulvinus is not well developed at 
this period. Afterwards the sleeping movement is well dis- 
played, though to a variable degree, and is long continued. 
We shall hereafter meet with a nearly parallel case with the 
leaves of Sida rhombifuUa. The cotyledons of L. Oebelii are 
only slightly raised at night, and differ much in this re.spect 
from the three species in our list. 
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Trifulium. — The gennination of 21 species was observed. In 
most of them the cotyledons rise hardly at all, or only slightly, 
at night ; but those of T. glomeratum, striatum and inearuatum 
rose from 45° to 55° above the horizon. With T. suUerraneum,, 
Icucanthimum and strktum, they stood up vertically; and with 
T. strktum the rising movement is accompanied, as we shall see, 
by another movement, which makes us believe that the rising 
is truly nyctitropic. We did not carefully examine the coty- 
ledons of all the species for a pulvinus, but this organ was 
distinctly present in those of T. subterraneum and strktum ; whilst 
there was no trace of a pulvinus in some species, for instance, in 
3'. resuiiinafum, the cotyledons of which do not rise at night. 

Tri/olium subterraneu7n.—T\io blades of the cotyledons on the 
first day after germination (Nov. 21st) were not fully expanded, 
being inclined at about 35° above the horizon ; at night they 
rose to about 75°. Two days afterwards the blades at noon 
were horizontal, with the petioles highly inclined upwards; 
and it is remarkable that the nocturnal movement is almost 
wholly confined to the blades, being effected by the pulvinus at 
their bases; whilst the petioles retain day and night nearly the 
same inclination. On this night (Nov. 23rd), and for sonlb few 
succeeding nights, the blades rose from a horizontal into a 
vertical position, and then .became bowed inwards at about an 
average angle of 10° ; so that they had passed through an angle 
of 100°. Their tips now almost touched one another, their 
bases being slightly divergent. The two blades thus formed 
a highly inclined roof over the axis of the seedling. This 
movement is the same as that of the terminal leaflet of the 
trijiartite leaves of many species of Trifoliuni. After an interval 
of 8 days (Nov. 29th) the blades were horizontal during the 
day, and vertical at night, and now they were no longer bowed 
inwards. They continued to move in the same manner for the 
following two months, by which time they had increased greatly 
in size, their petioles being no less than "8 of an inch in length, 
and two true leaves had by this time been developed. 

Trifulium strktum— On the first day after germination the 
cotyledons, which are provided with a pulvinus, stood at noon 
horizontally, and at night rose to only about 45° above the 
horizon. Four days afterwards the seedlings were again ob- 
served at night, and now the blades stood vertically and were 
in contact, excepting the tips, which were much deflexed, so 
that they faced the zenith. At this age the petioles are curved 
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upwards, and at night, when the bases of the blades are in con- 
tact, the two petioles together form a vertical ring surrounding 
the plumule. The cotyledons continued to act in nearly the same 
manner for 8 or 10 days from the period of germination ; but 
the petioles had by this time become straight and had increased 
much in length. After from 12 to 14 days the first simple true 
leaf was formed, and during the ensuing fortnight a remarkable 
movement was repeatedly observed. At I. (Fig. 125) we have 
a sketch, made in the middle of the day, of a seedling about 
a fortnight old. The two cotyledons, of which Be is the 
light, and Lc the left one, stand dkectly opposite one another, 



Fig. 125. 




I. II. III. 



TriMhi'n strictum; (liuin.il and nocturnal positions of the two cotyledon! 
and of the first leaf. I. Seedling viewed obliquely from above, duriug 
the day: Rc, right cotyledon; Lc, left cotyledon; F, first true leal. 
II. A rather younger seedling, viewed at night: Rc, right cotyledon 
raised, but its po.sition not otherwise ch.-inged ; Lc, left cotyledon r:iised 
and laterally twisted; F, first leaf raised and twisted so as to face the 
left twisted cotyledon. III. Same seedling viewed at night from the 
opposite side. The back of the first leaf, ~F, is here shown instead of 
the front, as in II. 

and the first true leaf (F) projects at right angles to them. At 
night (see II. and III.) the right cotyledon {Be) is greatly 
raised, but is not otherwise changed in position. The left 
cotyledon (Lc) is likewise raised, but it is also twisted, so that 
its blade, instead of exactly facing the opposite one, now stands 
at nearly right angles to it This noctm-nal twisting movement 
is effected not by means of the pulvinus, but by the twisting of 
the whole length of the petiole, as could be seen by the curved 
line of its upper concave surface. At the same time the true 
leaf (/’) rises up, so as to stand vertically, or it even passes the 
vertical and is inclined a little inwards. It also twists a little, 
by which means the upper surface of its blade fronts, and 
almost comes into contact with, the upper surface of the twisted 
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left cotyledon. This seems to be the object gained by these 
singular movements. Altogether 20 seedlings were examined on 
successive nights, and iu 19 of them it was the left cotyledon 
alone which became twisted, with the true leaf always so twisted 
that its upper surface approached closely and fronted that of tho 
left cotyledon. In only one instance was the right cotyledon 
twisted, with the true leaf twisted towards it ; but this seedling 
was in an abnormal condition, as the left cotyledon did not rise 
up properly at night. This whole case is remarkable, as with 
the cotyledons of no other plant have we seen any nocturnal 
movement except vertically upwards or downwards. It is the 
more remarkable, because we shall meet with an analogous case 
iu the leaves of the allied genus Melilotus, in which the ter- 
' minal leaflet rotates at night so as to present one edge to the 
zenith and at the same time bends to one side, so that its upper 
surface comes into contact with that of one of the two now ver- 
tical lateral leaflets. 

Concluding Remarks on ike XtjcHtroiiic Movements oj 
Cotyledons . — The sleep of cotyledons (though this is a 
subject which has been little attended to), seems to be 
a more common phenomenon than that of leaves. We 
observed the position of the cotyledons during the day 
and night in 153 genera, widely distributed through- 
out the dicotyledonous series, but otherwise selected 
almost by hazard ; and one or more species in 26 of 
these genera placed their cotyledons at night so. as 
to stand vertically or almost vertically, having gene- 
rally moved through an angle of at least 60°. It we 
lay on one side the Lcguminosfe, the cotyledons of 
which are particularly liable to sleep, 140 genera 
remain ; and out of these, the cotyledons of at least one 
species in 19 genera slept. Now if we were to select 
by hazard 140 genera, excluding the Leguminosm, and 
observed their leaves at night, assuredly not nearly 
so many as 19 would be found to include sleeping 
species. We here refer exclusively to the plants 
observed by ourselves. 
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In our entire list of seedlings, there are 30 genera, 
belonging to 16 Families, the cotyledons of which in 
some of the species rise or sink in the evening or 
early night, so as to stand at least 60° above or be- 
neath the horizon. In a large majority of the genera, 
namely, 24, the movement is a rising one; so that 
the same direction prevails in these nyctitropic move- 
ments as in the lesser jicriodic ones described in the 
second chapter. The cotyledons move downwards 
during the early part of the night in only 6 of the 
genera; and in one of them. Cannabis, the curving^ 
down of the tip is probably due to epinasty, as Kraus 
believes to be the case with the leaves. The down- 
ward movement to the amoimt of 90° is very decided 
in Oxalis Valdiviana and sensiiiva, and in Geranium 
rotundifoUum. It is a remarkable fact that with Anoda 
Wrightii, one species of Gossypium and at least 3 
species of Ipomoea, the cotyledons whilst young and 
light sink at night very little or not at all ; although 
this movement becomes well pronounced as soon as 
they have grown large and heavy. Although the 
downward movement cannot be attributed to the 
weight of the cotyledons in the several cases which 
were investigated, namely, in those of the Anoda, 
Ipomoea purpurea and hona-nox, nor in that of I coc- 
cinea, yet bearing in mind that cotyledons are con- 
tinually circumnutating, a slight cause might at first 
have determined whether the groat nocturnal move- 
ment should be upwards or downwards. We may 
therefore suspect that in sr>me aboriginal member of 
the groups in question, the weight of the cotyledons 
first determined the downward direction. The fact of 
the cotyledons of these species not sinking down much 
whilst they are young and tender, seems opposed to 
the belief that the greater movement when they are 
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growu older, has been acquired for the sake of pro- 
tecting them from radiation at night ; but then we 
should remember that there are many plants, the 
leaves of which sleep, w’hilst the cotyledons do not ; 
and if iu some cases the leaves are protected from cold 
at night whilst the cotyledons are not protected, so in 
other cases it may be of more importance to the species 
that the nearly full-grown cotyledons should be better 
protected than the young ones. 

In all the species of Oxalis observed by us, the coty- 
ledons are jirovided with pulviui ; but this organ has 
become more or less rudimentary in 0. corniculata, 
and the amount of upward movement of its cotyledons 
at night is very variable, but is never enough to be 
called sleep. \Ye omitted to ascertain whether the 
cotyledons of Geranium rolimdi/olium possess pulviui. 
In the Leguminosse all the cotyledons which sleep, as 
far as we have seen, are provided with pulviui. - But 
with Lotus Jacobsens, these are not fully developed 
during the first few days of the life of the seedling, 
and the cotyledons do not then rise much at night. 
\Yith Trifolium strictum the blades of the cotyledons 
rise at night by the aid of their pulvini ; whilst the 
petiole of one cotyledon twists half-round at the same 
time, independently of its pulvinus. 

As a general rule, cotyledons which are provided 
with pulvini continue to rise or sink at night during 
a much longer period thair those destitute of this organ. 
In this latter case the movement no doubt depends on* 
alternately greater growth on the upper and lower side 
of the petiole, or of the blade, or of both, preceded 
probably by the increased turgescence of the growing 
cells. Such movements generally last for a very 
short period — for instance, with Brassica and Githago 
for 4 or 5 nights, with Beta for 2 or 3, and with 
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Kaphanus for only a single night. There are, however, 
some strong exceptions to tliis rule, as the cotyledons 
of Gossypium, Anoda and Ipomcea do not possess pul- 
vini, yet continue to move and to grow for a long time. 
We thought at first that when the movement lasted for 
only 2 or 3 nights, it could hardly be of any service 
to the plant, and hardly deserved to be called sleep ; 
but as many quickly-growing leaves sleep for only a 
few nights, and as cotyledons are rapidly developed 
and soon complete their growth, this doubt now seems 
to us not well-founded, more especially as these move- 
ments are in many instances so strongly pronounced. 
We may here mention another point of similarity 
between sleejiing leaves and cotyledons, namely, that 
some of the latter (for instance, those of Cassia and 
Githago) are easily affected by the absence of light ; 
and they then either close, or if closed do not open ; 
whereas others (as with the cotyledons of Oxalis) arc 
very little affected by light. In the next chapter it 
will be shown that the nyctitropic movements both 
of cotyledons and leaves consist of a modified form of 
circumnutation. 

As in the Leguminoscc and Oxalidfc, the leaves and 
the cotyledons of the same species generally sleep, the 
idea at first naturally occurred to us, that the sleep 
of the cotyledons was merely an early development of 
a habit jrroper to a more advanced stage of life. But 
no such explanation can be admitted, although there 
•seems to be some connection, as might have been 
expected, between the two sets of cases. For the 
leaves of many plants sleep, whilst their cotyledons do 
not do so — of which fact Desnwdiutn gyrans offers a 
good instance, as likewise do three species of Nico- 
tiaua observed by us ; also Sida rliomhifolia, Ahutilon 
Barwinii, and Chenoiwdiurn album. On the other 



© The Complete Work of Charles Darwin Online 



Chap. VI. 



SLEEP OF COTYLEDONS. 



31o 



hand, the cotyledons of some plants sleep and not the 
leaves as with the species of Beta, Brassica, Geranium, 
Apium, Solanum, and Mirabilis, named in our list. 
Still more striking is the fact that, in the same genus, 
the leaves of several or of all the species may sleep, 
but the cotyledons of only some of them, as occurs 
with Trifolium, Lotus, Gossypium, and partially with 
Oxalis. Again, when both the cotyledons and the 
leaves of the same plant sleep, their movements may 
be of a widely dissimilar nature ; thus with Cassia the 
cotvledons rise vertically up at night, whilst their 
leaves sink down and twist round so as to turn their 
lower surfaces outwards. With seedlings of Oxalis 
Valcliviana, having 2 or 3 well-developed leaves, it 
was a oirious spectacle to behold at night each leaflet 
folded inwards and hanging perpendicularly down- 
wards, whilst at the .same time and on the same plant 
the cotyledons stood vertically upwards. 

These several facts, showing the independence of 
the nocturnal movements of the leaves and cotyledons 
on the same plant, and on plants belonging to the 
same genus, lead to the belief that the cotyledons have 
acquired their power of movement for some special 
purpose. Other facts lead to the same conclusion, 
such as the presence of pulvini, by the aid of which 
the nocturnal movement is continued during some 
weeks. In Oxalis the cotyledons of some species 
move vertically upwards, and of others vertically 
downwards at night ; but this great difference within 
the same natural genus is not so surprising as it 
may at first appear, seeing that the cotyledons of all 
the species are continually oscillating up and down 
during the day, so that a small cause might determine 
whether they should rise or sink at night. Again, the 
peculiar nocturnal movement of the left-hand coty- 
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ledon of Trifolium strictum, in combination with that 
of the first true leaf. Lastly, the wide distribution in 
the dicotyledonous series of plants with cotyledons 
which sleep. Eeflecting on these several facts, our 
conclusion seems justified, that the nyctitropic move- 
ments of cotyledons, by which the blade is made to 
stand either vertically or almost vertically upwards 
or dowmwards at night, has been acquired, at least 
in most cases, for some special pui’pose ; nor can we 
doubt that this purpose is the protection of the upper 
surface of the blade, and perhaps of the central bud 
or plumule, from radiation at night. 
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CHAPTEE VII. 

Modified Cibccmsetation : Ntctitropic or Sleep Movements of 
Leaves. 

Conditions ne cessary for tliese movements — List of Genera and Families, 
wliich include sleeping plants — Description of the movements in 
the several Genera — Oxalis : leaflets folded at night— Averrhoa : 
r.apid movements of the leaflets — Porlieiia: leaflets close when 
plant kept very dry — Tropeeolum : leaves do not sleep unless well 
illuminated during day — Lupinus: various modes of sleeping — 
Melilotus : singular movements of terminal leaflet— Trifolium — 
Desmodium; rudimentary lateral leaflets, movements of, not de- 
veloped on young plants, state of their pulviui — Cassia : complex 
movements of the leaflets — Bauliinia: leaves folded at niglit — 
Mimosa puilica: compounded movements of leaves, effect of dark- 
ness — Mimosa albida, reduced leaflets of— Schrankia : downward 
movement of the pinnre — Marsile a : the only cryptogam known to 
sleep — Concluding rtmarks and summary — Nyctitropism consists 
of modified circumnutation, regulated by the alternations of light 
and darkness — Sliape of first true leaves. 

We now come to the nyctitropic or sleep move- 
ments of leaves. It should be remembered that we 
confine this term to leaves which place their blades 
at night either in a vertical position or not more than 
30° from the vertical, — that is, at least 60° above or 
beneath the horizon. In some few cases this is 
efifected by the rotation of the blade, the petiole not 
being either raised or lowered to any considerable 
extent. The limit of 30° from the vertical is obviously 
an arbitrary one, and has been selected for reasons 
previously assigned, namely, that when the blade 
approaehes the perpendicular as nearly as this, only 
half as much of the surface is exposed at night to the 
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zenith and to free radiation as when the blade is 
horizontal. Nevertheless, in a few instances, leaves 
which seem to be prevented by their structure from 
moving to so great an extent as 60’ above or beneath 
the horizon, have been included amongst sleeping 
plants. 

It should be premised that the nyctitropic move- 
ments of leaves are easily affected by the conditions 
to which the plants have been subjected. If the ground 
is kept too dry, the movements are much delayed 
or fail ; according to Dassen,* even if the air is 
very dry the leaves of Impatiens and iMalva are 
rendered motionless. Carl Kraus has also lately 
insisted t on the great influence which the quantity of 
water absorbed has on the periodic movements of 
leaves ; and he believes that this cause chiefly deter- 
mines the variable amount of sinking of the leaves of 
Pohjgonum convolvulus at night ; and if so, their move- 
ments are not in our sense strictly nyctitropic. Plants 
in order to sleep must have been exposed to a proper 
temperature : Erythrina crista-galli, out of doors and 
nailed against a wall, seemed in fairly good health, 
but the leaflets did not sleep, whilst those on another 
plant kept in a warm greenhouse were all vertically de- 
pendent at night. In a kitchen-garden the leaflets of 
Phaseoltis vulgaris did not sleep during the early part 
of the summer. Ch. Koyer says,J referring I suppose 
to the native plants in France, that they do not sleep 
when the temperature is below 5° C. or 41’ F. In 
the case of several sleeping plants, viz., species of 



* Dassen, ‘ Tijdschrift vor. Na- Hot.’ (5th scries), ix. 18C.S, p. 345. 
turlijke Gesch. en Physiologie,' f ‘ Deitrage ziir Kentniss der 
1837, vol. iv. p. lOf). See also Bewcgungen,’ &c., in ‘Flora,’ 

Ch. Boyer on the importance of a 1879, ])p. 42, 43, 07, &c. 

proper state of turgcscence of tlio % ‘ Annal. dcs Sc. Nat. Bot.’ 
cells, in ‘ Annal. des Sc. Nat. (5th Series), ix. 1808 p.360. 
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TropaBolum, Lupinns, Ipomoea, Abutilon, Siegesbeckia, 
and probably other genera, it is indispensable that 
the leaves should be well illiuninated during the day 
in order that they may assume at night a vertical 
position ; and it was probably owing to this cause 
that seedlings of Chenojmlhim album and Siegesbechia 
orientalis, raised by us during the middle of the winter, 
though kept at a proper temperature, did not sleep, 
laistly, violent agitation by a strong wind, during a 
few minutes, of the leaves of Maranta arundinacea 
(which previously had not been disturbed in the hot- 
house), prevented their sleeping during the two next 
nights. 

We will now give our observations on sleeping 
plants, made in the manner described in the Intro- 
duction. The stem of the plant was always secured 
(when not stated to the contrary) close to tlie base of 
the leaf, the movements of which were being observed, 
so as to prevent the stem from circumnutatingr As 
the tracings were made on a vertical glass in front of 
the plant, it was obviously impossible to trace its 
course as soon as the leaf became in the evening 
greatly inclined either upwards or downwards; it 
must therefore be understood that the broken lines 
in the diagrams, which represent the evening and 
nocturnal courses, ought always to be prolonged to a 
much greater distance, either upwards or downwards, 
than appears in them. The conclusions which may bo 
deduced from our observations will be given near the 
end of this chapter. 

In the following list all the genera wliich include 
sleeping plants are given, as far as known to us. The 
same arrangement is followed as in former cases, and 
the number of the Family is appended. This list 
possesses some interest, as it shows that the habit of 



© The Complete Work of Charles Darwin Online 



320 MODIFIED CIRCUMNUTATION. Cuai'. VU. 

sleeping is common to some few plants throughout 
the whole vascular series. The greater number of the 
genera in the list have been observed by ourselves 
with more or less care ; but several are given on the 
authority of others (whose names are appended in the 
list), and about these we have nothing more to say. 
No doubt the list is very imperfect, and several genera 
might have been added from the ‘ Somnus Plantarum ’ 
by Linnaeus ; but we could not judge, in some of his 
cases, whether the blades occupied at night a nearly 
vertical position. He refers to some plants as sleeping, 
for instance, Lathyrus odoratus and Vida faba, in which 
we could observe no movement deserving to be called 
sleep, and as no one can doubt the accuracy of Linnaeus, 
we are left in doubt. 



List of Qenera, including species the leaves of which sleep. 



Class I. DICOTYLEDONS. 
Sub-cl.iss I. Angiosperms. 

Genus. I Family. 

Githago j Caryophyllea: (26j. 

Stcllaria (Batalia). „ 

‘■"C5 

Sida. I Malvaccje (36). 

Abutilon. I „ 

Malva (Linnffiusi 

and Pfeffer). / ' ” 

Hibiscus (Lin-| I 

Anoda. i 

Gossypium. 

Aycnia (Linnsus). 

'Iriiimfetta (Liii-\ 
nxus). J 

Liimm (Batalin). 

Oxalis. 

Averrhoa. 

Guiacum. 

Impatiens (Lin-| 
nacus, Pfefler, > 

Batalin). ) 



Sterculaceo: (37). 
Tiliacea: (38). 



Sub-class I. Angiosperms — continued. 

Genus. \ Family. 
Tropajolum. Tropteolea; (49). 

Crotolaria (Thisel-I Legumiuosse (75) 



Lupinu^^"^’ 
Cytisus. 
Trigonella. 
Medicago. 
Melilotus. 
Trifolium. 
Securigera. 
Lotus. 
Psoralea. 
Amorpha ( 
chartre). 
Da;lea. 
Indigofera. 
Tephrosia. 
Wistaria. 

Spha;rophysa. 

Culutea. 

Astragalus. 

Glycyrrhiza. 

Coronilla. 

Hedysarum. 



] 



Tribe II. 
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List of Genera (continued). 



CL.VSS I. DICOTTLEDONS (continued). 
Sub-class I. Angiosperms. 
Genus. 

Onobrychis. 



A i nch is. 

Desni odium. 

O'l-ania. 

Vicia. 

.\rauhicari)a!a. 

Glycine. 

Erytlirina. 

Phascolus. 

Sophoia. 
Cicsalpinia. 
Ha:mato.xylon. 
Gleditscliia (Bu-\ 
chartre). / 

TamarinJus. 

Adenanthera. 

Prosopis. 

Neptunia. 

Mimosa. 

Schrankia. 

Acacia. 

Albizzia. 

Melalcuca(Bouche). 



Fa, nil,/. 

|Leguminos:e^y5) 



Tr. XIV. 
Tr. XV. 
Tr. XVI. I 
Tr. XX. 



Tr. XXII. ■ 
„ Tr. XXIII. i 
Myrtacca: (94). | 



Sub-class I. Angiosperms (continued). 



.Ennthera (Un-j 

PassiHora. 

Siegesbeckia. 

Ipomoea. 

Mirabilis. 

Polvgonura (Ba-l 
t-alin). / 

Amarauthus. 
Chenopodiiim. 
Pimelia (Boiiche). 
Euphorbia. 
PhyllaDthus(Pfef-\ 
ier). ) 



Onagrariea: (100). 
Pass! floracca; ( 1 0.^), 
Compo.sitse (12d). 
/Convolvulacea! 

I (151). 

SolaneiB (157). 
Nyctaginea; (177). 
Polygonea: (179). 

{ Amaranthacea: 
(180). 

Chenoi>odica: (181). 
Thymetea; (188). 
liuphorbiaceiE (2u2) 



Sub-class II. Gvmno-sperms. 
Abies (Chatiu). 



Class II. MONOCOTYLEDONS. 
Thali.i. I Cannaceae (21). 

Maranta. „ 

Colocasia. .\roideffi (30). 

Strephium. | Graiuinea! (35). 

Class III. ACOTYLEDONS. 
Marsilea. Marsile.iccre (4). 



Oithago srgetum (Caryoplijilcre). — The first leaves produced 
by youriK seedling.s, rise up and close together at night. On a 
ratlicr older seedling, two young leaves stood at noon at 55°. 
aViove tho horizon, and at night at 86°, so each had risen 31°. 
The angle, however, was less in some cases. Similar observations 
were occasionally made on young leaves (for the older ones moved 
very little) produced by nearly full-grown plants. Batalin 
says (‘Flora,’ Oct. 1st, 1873, p. 437) that the young leaves of 
Stcllaria close up so completely at night that they form together 
great buds. 

dida (JIalvacem). — The nyctitropic movements of the leaves 
in this genus are remarkable in some respects. Batalin informs 
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\i8 (see also ‘Flora,’ Oct. 1st, 1873, p. 437) that those ot 
S. napcea fall at night, but 
^ to what angle he cannot 

reraemljer. Tlio leaves of 
S. rhombi folia and rctusa, on 
the other hand, rise up 
vertically, and are pressed 
against the stem. We have 
therefore here within the 
same genus, directly op- 
posite movements. Again, 
the leaves of S. rhombifolia 
are furnished with a pul- 
vinus, formed of a mass of 
small cells destitute of chlo- 
rophyll, and with their 
longer axes perpendicular 
to the axis of the petiole. 
As measured along this 
latter line, these cells are 
only ^th of the length of 
those of the petiole ; but 
instead of being abi-uptly 
separated from them (as is 
usual with the pulvinus in 
most plants), they graduate 
into the larger cells of the 
petiole. On the other hand, 
S. napcea, according to Ba- 
talin, does not possess a 
pulvinus; and he informs 
us that a gradation may be 
traced in the several species 
rhombifolia: circumn«t.vtion and °f the genusbetweenthe.se 
nyctitropic (or sleep) movements of tWO states of the petiole, 
a leaf on a young plant, 9J inches rhombifolia presents 

neld’ytirg™wn^tar23“lfct ^n another peculiarity, of which 
length ; movement traced under a sky- we have seen no Other in- 
light. Apex of leaf .5j inches from stance with leaves that 
the vertical glass, so diagram not f.]gpp. those on very 

grea ) en aige . young plants, though they 

rise somewhat in the evening, do not go to sleep, as we observed 
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on several occasions ; whilst those on rather older i)lants sleep 
in a conspicuous manner. For instance, a leaf (’85 of an inch 
in length) on a very young seedling 2 inches high, stood at noon 
9° above the horizon, and at 10 p.m. at 28°, so it had risen only 
19°; another leaf (I'i inch in length) on a seedling of the 
same height, stood at the same two periods at 7° and 32°, and 
therefore had risen 25°. These leaves, which moved so little, 
had a fairly well-developed pulvinus. After an interval of soriie 
weeks, when the same seedlings were 2-j and 3 inches in height, 
some of the young leaves stood up at night quite vertically, and 
others were highly inclined; and so it was with bushes which 
were fully grown and w'ere flowering. 

The movement of a leaf was traced from 9.15 a.m. on 
May 28th to 8.30 a.m. on the 30th. The tem])erature was too 
low (15°— 1G° C.), and the illumination hardly sufficient ; con- 
sequently the leaves did not become quite so highly inclined at 
night, as they had done previously and as they did subse- 
quently in the hot-house;. but the movements did not appear 
otherwise disturbed. On the first day the leaf sank till 
5.15 P.M. ; it then rose rapidly and gi-eatly till 10.5 p.m., and 
only a little higher during the rest of the night (Fig. 12G). 
Early on the next day (29th) it fell in a slightly zigzag line 
rapidly until 9 a.m., by which time it had reached nearly the 
same place as on the previous morning. During the remainder 
of the day it fell slowly, and zigzagged laterally. The evening 
rise began after 4 p.m. in the same manner as before, and on 
the second morning it again fell rajiidly. The ascending and 
descending lines do not coincide, as may bo seen in the diagram. 
On the 30th a new tracing was made (not here given) on a 
rather enlarged scale, as the apex of the leaf now stood 9 inches 
from the vertical glass. In order to observe more carefully the 
course pursued at the time when the diurnal fall changes into 
the nocturnal rise, dots were made every half-hour between 
4 p.m. and T0.30 p.m. This rendered the lateral zigzagging 
movement during the evening more conspicuous than in the 
diagram given, but it was of the same nature as there shown. 
The impression forced on our minds was that the leaf was 
expending superfluous movement, so that the great nocturnal 
rise might not occur at too early an hour. 

Ahutilon Durwinii (Malvace®). — The leaves on some very 
young plants stood almost horizontally during the day, and 
hung down vertically at night. Very fine plants kept in a 
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large hall, lighted only from the roof, did not sleep at night, 
for in order to do so the leaves mu.st bo well illuminated during 
the day. The cotyledons do not sleep. Linnrens says that the 
leaves of his Sidi ubutilun sink peri)endicularly down at night, 
though the ])etiolos rise. I’rof. Pl'effer informs us that the 
leaves of a Malva, allied to M. stjluntris, rise greatly at night; 
and this genus, as well as that of Hibiscus, are included by 
Linnmus iu his list of sleeping plants. 

Anoda Wrightii (Malvticcre).— The leaves, produced by very 
young plants, when grown to a moderate size, sink at night 
either almost vertically down or to an angle of about beneath 
the horizon ; for there is a considerable degree of variability in 
■ the amount of sinking at night, which depends in part on the 
degree to which they have been illuminated during the day. 
But the leaves, whilst quite young, do not sink down at night, 
and this is a very unusual circumstance. The summit of the 
petiole, where it joins the blade, is developed into a pulvinus, 
and this is present in very young leaves which do not sleep ; 
though it is not so well defined as in older leaves. 

Oossypium (var. Nankin cotton, Malvacere).— Some young 
leave.s, between 1 and 2 inches in length, borne by two seedlings 
6 and 71 inches in height, stood horizontally, or were raised a 
little above the horizon at noon on July 8th and 9th ; but by 
10 P.M. they had sunk down to between 68° and 90° beneath 
the horizon. When the same plants haA grown to double 
the above height, their leaves stood at night almost or quite 
vertically dependent. The leaves on some large plants of 
G. muritimum and Bmzilense, which were kept in a very badly 
lighted hot-house, only occasionally sank much downwards 
at night, and hardly enough to be called sleep. 

Ojialis (Oxalidse).— In most of the species in this large genus 
the three leaflets sink vertically down at night; but as their 
sub-petioles are short the blades could not assume this position 
from the want of space, unless they were in some manner ren- 
dered narrower; and this is effected by their becoming more 
or less folded (Fig. 127). The angle formed by the two halves 
of the same leaflet was found to vary in different individuals of 
several species between 92° and 150°; iu three of the best 
fokled leaflets of 0. fragram it was 76°, 71°, and 54°. The 
angle is often different in the three leaflets of the same leaf. 
As the leaflets sink do\vn at night and become folded, their 
lower surfaces are brought near together (see B), or even into 
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close contact ; and from this circumstance it might be thought 
that the object of the folding was the protection of their lower 
surfaces. If this had been the case, it would have formed 
a strongly marked exception to the rule, that when there is any 
difference in the degree of protection from radiation of the two 
surfaces of the leaves, it is always the upper surface which is 
the best protected. But that the folding of the leaflets, and 
consequent mutual approximation of their lower surfaces, 
ser\es merely to allow them to sink down vertically, may Iw 



Oxdlis acetoscHa : ^ A, le.if seen from vertic.illy above ; B, diagram of leaf 

inferred from the fact that when the leaflets do not radiate 
from the summit of a common petiole, or, again, when there is 
plenty of room, from the sub-petioles not being very short, the 
leaflets sink down without becoming folded. This occurs with 
the leaflets of 0. sensitiva, Plumierii, and hupleurifolia. 

There is no use in giving a long list of the many species 
which sleep in the above described manner. This holds good 
with species having rather fleshy leaves, like those of O.carnosu, 
or large leaves like thase of 0. Ort'-genH, or four leaflets like 
those of 0. variahilis. There are, however', some species which 
show no signs of sleep, viz., O. pentaphylla, tnneaphylla, hirta, 
and rubella. We will now de.“cribe the nature of the movements 
in some of the species. 

Oxulis acelosella . — The movement of a leaflet, together with 
that of the main petiole, are shown in the following dia- 
gram (Fig. 128), traced between 11 a.m. on October 4th and 
7.45 A.M. on the 5th. After 5.30 p.m. on the 4th the leaflet sank 
rapidly, and at 7 p.m. depended vertically. For some time 
before it assumed this latter position, its movemer.tr could, of 
course, no longer be traced on the vertical glass, and the 
broken lino in the diagram ought to l>e extended much further 



Fig. 127. 
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down in this and all other 
cases. By 6.45 a.m. on the 
following morning it had 
risen considerably, and con- 
tinued to rise for the nest 
hour; but, judging from 
other observations, it would 
soon have begun to fall again. 
Between 11 a.m. and 5.30 p.m. 
the leaflet moved at lea.st four 
times up and four times 
down before the great noc- 
turnal fall commenced; it 
reached its highest point at 
noon. Similar observations 
were made on two other 
leaflets, with nearly the same 
results. Sachs and Pfeflfer 
have also described briefly* 
the autonomous movements 
of the leaves of this plant. 

On another occasion the 
petiole of a leaf was secured 
to a little stick close beneath 
the leaflets, and a filament 
tijjped with a bead of sealing- 
wax was affixed to the mid- 
rib of one of them, and a 
mark was placed close behind. 
At 7 P.M., when the leaflets 
were asleep, tlie filament de- 
pended vertically down, and 
the movements of the bead 
were then traced till 10.40 
P.M., as shown in the fol- 
, lowing diagram (Fig. 129). 
We here see that the leaflet 
fiill-growa leaf, with fil.imcnt at- moved a little from side to 
tached to the midrib of one of the gj^e^ ast well as a little up 
leaflets; traced on vertical gl.ass dur- 
ing 20 h. 45 m. 

• Siolis in ‘Flora,’ 18G3, p. 470, &c.; Pfeffer, ‘Die Period. Bewe- 
gungeii,* &c., 1875, p. 53. 




ie’iJ'am.S' 

Oxalis acetosella; 
nyctitropi 



© The Complete Work of Charles Darwin Online 



SLEEP OF LEAVES. 



327 



OTalia Va}dmaiia.—T\i(i leaves resemble those of the last 
speeies. and the moveraonts of two leaflets (the main petioles of 
both having been secured) were 
traced during two days ; but the 
trac-ings are not given, as they 
resembled that of 0. acHosella, with 
the exception that the up and 
down oscillations wore not so fre- 
quent during the day, and there Ox^lis c icun . t 

was more lateral movement, so that rerticar gli« 

broader ellipses were descrilxal. during 3 h. 40 m. 

The leaves awoke early in the morn- 
ing, for by 6.45 a.m. on Juno l'2th and 13th they had not only 
risen to their full height, but had already begun to fall, that is, 
they were circumuutating. Wo have seen in the last chapter 
that the cotyledons, instead of sinking, rise up vertically at 
night. 

Oj-nlis Orte(jesii.—T\\e large leaves of this plant sleep like 
those of the previous species. The main petioles are long, and 
that of a your.g leaf rose 20" tetween noon and 10 p.m., whilst 
the petiole of an older leaf rose only 13°. Owing to this rising 
of the petioles, and the vertical sinking of the large leaflets, 
the leaves Iwcoine crowded together at night, and the whole 
plant then exposes a much smaller surface to radiation than 
during the day. 

Oralis Plumierii . — In this species the three leaflets do not 
surround the summit of the petiole, but the terminal leaflet 
projects in the line of the petiole, with a lateral leaflet on each 
side. They all sleeii by licnding vertically downwards, but 
do not l>ecomo at all folded. The petiole is rather long, and, 
one having Ixsen secured to a stick, the movement of the terminal 
leaflet was traced during 45 h. on a vertical ghiss. It moved 
in a very simple manner, sinking rapidly after 5 p.m., and 
rising rapidly early next morning. During the middle of the day 
it moved slowly and a little latenilly. Consequently the ascend- 
ing and descending lines did not coincidoi and a single great 
ellipse was formed each day. There was no other eviilcnco of 
circumnutation, and this fact is of interest, as we shall here- 
after sec. 

Oralis sensiliua . — The leaflets, ns in the last species, bend 
vertically down at night, without becoming folded. The much 
elongatial main |)ctiulo rises considerably in the evening, but in 
15 



Fig. 129. 
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Rome very young plants the rise did not commence until late 
at night. We have seen that the cotyledons, instead of sink- 
ing like the leaflets, rise up vertically at night. 

Oxalis bupleurifolia . — This species 
is rendered remarkable by the petioles 
lieing foliaceous, like the phyllodes 
of many Acacias. The leaflets are 
small, of a paler green and more 
tender consistence than the folia- 
ceous petioles. The leaflet which was 
observed was • 55 inch in length, and 
was borne by a petiole 2 inches long 
and '3 inches broad. It may be 
suspected that the leaflets are on the 
road to abortion or obliteration, as 
has actually occurred with those of 
another Brazilian species, 0. rusci- 
formis. Nevertheless, in the present 
species the nyctitropic movements 
are perfectly performed. The folia- 
ceous petiole was first observed 
during 48 h., and found to be in 
continued circumnutation, as shown 
in the accompanying figure (Fig. 
130). It rose during the day and 
early part of the night, and fell 
during the remainder of the night 
and early morning; but the move- 
ment was not sufficient to be called 
sleep. The ascending and descend- 
o * «i -oin coincide, so that an 

Apex of leaflet 4j’ inches ellipse was formed each day. There 
li'om the glass, so movement was but little zigzagging; if the 
not much magnified. Plant filament had been fixed longitudi- 
9 inches high, illuminafed „ u n , , , . 

from above. Temp. 23J°- Dally, we Should probably have seen 
24i° C. that there was more lateral move- 

ment than appears in the diagram. 

A terminal leaflet on another leaf was next observed (the 
petiole being secured), and its movements are shown in 
Fig. 131. During the day the leaflets are extended horizon- 
tally, and at night depend vertically ; and as the petiole rises 
during the day the leaflets have to bend down in the evening 



Oxalis bupleurifolia: circum- 
nutition of foliaceous 
tide, filament fixed 
liquely across end of petiole; 
movements traced on ver- 
tical glas.s from 9. a.m. .June 
26th to 8..50 A.M. 28th. 
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more than 90°, so as to assume at night their vertical position. 
On the first day the leaflet simply moved up and down; on the 
Fig. X31. 




second day it plainly circumnntated between 8 a.m. and 4.30 p.m., 
after which hour the great evening fall commenced. 



© The Complete Work of Charles. Darwin Online 



330 MODIFIED OIRCUMNUTATION. Chai-. VIL 

Averrhoa bilimbi (Oxalidfe).— It Ime long been known,* firstly, 
that the leaflets in this genus sleep ; secondly, that they move 
spontaneously during the day ; and thirdly, that they are sensi- 
tive to a touch; but in none of these respects do they differ 
essentially from the species of Oxalis. They differ, however, us 
Mr. K. I. Lynch f has lately shown, in their spontaneous move- 
ments being strongly marked. In the case of A. bilimhi, it is a 
wonderful spectacle to behold on a warm sunny day the leaflets 
one after the other sinking rapidly downwards, and again 
ascending slowly. Their movements rival those of Desmodium 
yyrans. At night the leaflets hang vertically doum ; and now 



Fig. 132. 




they are motionless, but this may be due to the opposite ones 
Iteing pressed together (Fig. 132). The main petiole is in con- 
stant movement during the day, but no careful observations were 
made on it. The following diagrams are graphic representa- 
tions of the variations in the angle, which a given leaflet makes 
with the vertical. The observations were made as follows. 
The plant growing in a pot was kept in a high temperature, 
the petiole of the leaf to be observed pointing straight at 
the observer, being separated from him by a vertical pane of 
glass. The petiole was secured so that the basal joint, or pul- 
vinus, of one of the lateral leaflets was at the centre of a gradu- 
ated arc placed close behind the leaflet. A fine glass filament 
was fixed to the leaf, so as to project like a continuation of the 



* Dr. Bruce, ‘Philosophical Trans..’ 1785, p. 3.')6. 
•Journal Linn. Soc.,’ vol. xvi. 1877, p. 231. 
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midrib. This filament acted as an index; and as the leaf rose 
and fell, rotating about its birsal joint, its angular movement 
Fig. 133. 




Ata-r/ioa bilimbi: angular movemrats of a leaflet during its eveninc' 
descent, when going to sleep. Temp. 78°-81° F. 

could lie recorded by reading off at short intervals of time the 
position of the glass filament on the graduated arc. In order 
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to avoid errors of parallax, all readings were made by looking 
through a small ring painted on the vertical glass, in a line 
with the joint of the leaflet and the centre of the graduated arc. 
In the following diagrams the ordinates represent the angles 
which the leaflet made with the vertical at successive instants.* 
It follows that a fall in the curve represents an actual dropping 
of the leaf, and that the zero line represents a vertically de- 
pendent position. Fig. 133 represents the nature of the move- 
ments which occur in the evening, as soon as the leaflets begin 
to assume their nocturnal position. At 4.55 p m. the leaflet 
formed an angle of 85° with the vertical, or was only 5° below 
the horizontal ; but in order that the diagram might get into 
our page, the leaflet is represented falling from 75° instead 
of 85°. Shortly after 6 p.m. it hung vertically down, and had 
attained its nocturnal position. Between 6.10 and 6.35 p.m. it 
performed a number of minute oscillations of about 2° each, 
occupying periods of 4 or 5 m. The complete state of rest of 
the leaflet which ultimately followed is hot shown in the dia- 
gram. It is manifest that each oscillation consists of a gradual 
rise, followed by a sudden fall. Each time the leaflet fell, it 
approached nearer to the nocturnal position than it did on the 
jirevious fall. The amplitude of the oscillations diminished, 
while the periods of oscillation became shorter. 

In bright sunshine the leaflets assume a highly inclined de- 
pendent position. A leaflet in diffused light was observed rising 
for 25 m. A blind was then pulled up so that the plant was 
brightly illuminated (BE in Fig. 134), and within a minute it 
began to fall, and ultimately fell 47°, as shown in the diagram. 
This descent was performed by six descending steps, precisely 
.‘■imilar to those by which the nocturnal fall is effected. The 
plant was then again shaded (SH), and a long slow rise occurred 
until another series of falls commenced at BE', when the sun 
was again admitted. In this experiment cool air was allowed 
to enter by the windows being opened at the same time that 
the blinds were pulled up, so that in spite of the sun shining 
on the plant the temperature was not raised. 

The effect of an increase of temperature in diffused light is 



♦ In all the diagrams 1 mm. in 
the horizontal direction represents 
one minute of time. Each mm. 
in the vertical direction repre- 
sents one degree of angular move- 



ment. In Figs. 133 and 134 the 
temperature is represented (along 
the ordinates) in the scale of 1 
mm. to each 0'1°0. In Fig. 
135 each mm. equals 0 ■ 2° F. 
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shown in Fig. 135. The temperature began to rise at 11.35 
A.M. (in consequence of the fire being lighted), but by 12.42 a 
niarke<l fall had occurred. It may be seen in the diagram that 
when the temi)erature was highest there were rapid oscillations 




134 . 



Arrrrhoit anjular moTPincnts of leaflet during .a change from 

liright illuminatiun to shade ; tem^ierature (broken line) remaining 
nearly the same. 

of small lUnplitude, the mean position of the le.iflot being at the 
time nearer the vertical. When the tempt'ratiire Itegan to fall, 
the oseillatioiiHltccame slower and larger, and the mean position 
of the leaf again approached the horizontal. The rate of oscil- 
lation was somctinies quicker than is represented in the above 
diagram. Thu.s, when the temperature was between 31° rnd 
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Fig. 136. 



32° 0., 14 oscillations of a few degrees occurred in 19 m. On 
the other hand, an oscillation may be much slower ; thus a leaflet 
was observed (temperature 25° C.) to 
rise during 40 ra. before it fell and 
completed its oscillation. 

Podieria hygrometrka (Zygophy llese) 

— The leaves of this plant (Chilian 
form) are from 1 to 1^ inches in length, 
and bear as many as 16 or 17 small 
leaflets on each side, which do not 
stand opposite one another. They are 
articulated to the petiole, and tlic 
petiole to the branch by a pulvinus. 

We must premise that apparently two 
forms are confounded under the same 
name : the leaves on a bush from Chili, 
which was sent to us from Kew, bore 
many leaflets, whilst those on plants 
in the Botanic Garden at IViirzburg 
bore only 8 or 9 pairs ; and the whole 
character of the bushes appeared some- 
what different. We shall also see that 
they differ in a remarkable physio- 
logical ijeculiarity. On the Chilian 
plant the petioles of the younger leaves 
ou upright branches, stood horizontally 
during the day, and at night sank 
down vertically so as to depend parallel 
and close to the branch beneath. The 
petioles of rather older leaves did not 
become at night vertically depressed, 
but only highly inclined. In one 

instance we found a branch which had Poluria hygnmetrica : oir- 

grown perpendicularly downwards, cumnut.ation and nycti- 
and the petioles on it moved in the .same hT' 
direction relatively to the branch as 9.35 a.m. July 7th* "to 
just stated, and therefore moved up. about midnight on the 
wards. On horizontal branches the 

youngerpetioleslikewisemoveatnight 

m the same direction as before, that is, - “ 

towar^ the branch, and are consequently then extended hori- 
zontally; but It IS remarkable that the older petioles on the 
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same branch, though moving a little in the same direction, also 
bend downwai-ds; they thus occupy a somewhat dififerent posi- 
tion, relatively to the centre of the earth and to the branch, from 
that of the petioles on the upright branches. With respect to 
the leaflets, they move at night towards the apex of the petiole 
until their midribs stand nearly parallel to it ; and they then 
lie neatly imbricated one over the other. Thus half of the upper 
surface of each leaflet is in close contact with half of the lower 
.surface of the one next in advance ; and all the leaflets, except- 
ing the basal ones, have the whole of their upiier surfaces and 
half of their lower surfaces well protected. Those on the oppo- 
site sides of the same petiole do not come into close contact 
at night, as occurs with the leaflets of so many Ijeguminosm, 
but arc separated by an open fiurow ; nor could they exactly 
coincide, as they stand alternately with respect to one another. 

The circumnutation of the petiole of a leaf S of an inch in 
length, on an upright branch, was observed during 86 h., 
and is shown in the preceding diagi-am (Fig. 136). On the 
first morning, the leaf fell a little and then rose until 1 p.m , 
and this was probably due to its being now illuminated through 
a skylight flom above ; it then circumnutated on a very small 
scale round the same spot until about 4 p.m., when the great 
evening fall commenced. During the latter part of the night or 
very early on the next morning the leaf rose again. On the 
second day it fell during the morning till 1 p.m., and this no 
doubt is its normal habit. From 1 to 4 p.m. it rose in a zigzag 
line, and soon afterwards the great evening fall commenced. It 
thus completed a double oscillation during the 24 h. 

The specific name given to this plant by Ruiz and Pavon, indi- 
cates that in its native arid home it is affected in some manner 
by the dryness or dampness of the atmosphere.* In the Botanic 
Garden at Wurzburg, there was a plant in a pot out of doom 
which was daily watered, and another in the oi)en ground which 
was never watered. After some hot and dry weather there was 
a great difference in the state of the leaflets on these two plants; 
those on the unwatered plant in the open ground remaining half| 



* ‘ Systems Veg. Floras Peru- 
vianas et Chilensis,’ tom. i. p. 95 
1798. We cannot understand the 
account given by tlie authors of 
the behaviour of this plant in its 
native home. There is much 



about its power of fosetelling 
changes in the weather; and it 
appears as if the briglitness of the 
sky largely determined the open- 
ing and closing of the leafiele. 
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or cTon quite, closed during the day But twigs cut from this , 
bush with their ends standing in water, or wholly immersed in 
it or kept in damp air under a bell-glass, opened their leaves 
though exiiosed to a blazing sun; whilst those on the plant 
in the ground remained closed. The leaves on this same plant, 
after some heavy rain, remained open for two days; they then 
became half closed during two days, and after an additional 
quite closed. This plant was now copiously watered, 
the following morning the leallets were fully ex- 
panded. The other plant growing in a pot, after having lieen 
exposed to heavy rain, was placed before a window in the Labo- 
ratory, with its leaflets open, and they remained so during the 
daytime for 48 h.; but after an additional day were half closed. 
The plant was then watered, and the leaflets on the two following 
days remained open. On the third day they were again half 
closed, but on being again watered remained open during the 
two next days. From these several facts we may conclude that 
the plant soon feels the want of water ; and that as soon as this 
occurs, it partially or quite closes its leaflets, which in their 
then imbricated condition expose a small surface to evaporatjpn. 
It is therefore probable that this sleep-like movement, which 
occurs only when the ground is dry, is an adaptation against 
the I0.SS of moisture. 

A bush about 4 feet in height, a native of Chili, w'hich was 
thickly covered with leaves, behaved very differently, for during 
the day it never closed its leaflets. On July 6th the earth in 
the. small pot in which it grew appeared extremely dry, and 
it was given a very little water. After 21 and 22 days (on 
the 27tli and 28th), during the whole of which time the plant 
did not receive a drop of water, the leaves began to droop, but 
they showed no signs of closing during the day. It appeared 
almost incredible that any plant, except a fleshy one, eould 
have kept alive in soil so dry, which resembled the dust on 
a road. On the 29th, when the bush was shaken, some leaves 
fell off, and the remaining ones were unable to sleep at night. 
It was therefore moderately watered, as well as syringed, late in 
the evening. On the next morning (30th) the bush looked as fresh 
as ever, and at night the leaves went to sleep. It may be added 
that a small branch while growing on the bnsh was enclosed, 
by means of a curtain of bladder, during 13 days in a large 
Imttle half full of quicklime, so that the air within must have been 
intensely dry ; yet tlie leaves on this branch did not sufl'erin the 
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least, and did not close at all during the hottest days. Another 
trial was made with the same bush on August 2nd and 6th (the soil 
appearing at this latter date extremely dry), for it was exposed 
out of doors during the whole day to the wind, but the leaflets 
showed no signs of closing. The Chilian form therefore differs 
widely from the one at Wurzburg, in not closing its leaflets 
when suffering from the want of water ; and it can live for a 
surprisingly long time without water. 

Tropceolum m ijus (?) (cultivated var.) (Tropseoleae). — Several 
plants in pots stood in the greenhouse, and the blades of 
the leaves which faced the front-lights were during the day 
highly inclined and at night vertical ; whilst the leaves on 
the back of the pots, though of course illuminated through 
the roof, did not become vertical at night. We thought, at first, 
that this difference in their positions W'as in some manner 
flue to hcliotropisin, for the leaves are highly heliotropic. The 
true explanation, however, is that unless they are well illu- 
minated during at least a part of the day they do not sleep at 
night ; and a little difference in the degree of illumination deter- 
mines whether or not they shall become vertical at night. We 
have observed no other so well-marked a case as this, of the 
influence of previous illumination on nyctitropic movements. 
The leaves present also another peculiarity in their habit of 
rising or awaking in the morning, being more strongly fixed or 
inherited than that of sinking or sleeping at night. The move- 
ments are caused by the bending of an upper part of the petiole, 
between J and 1 inch in length ; but the part close to the blade, 
for about i of an inch in length, does not bend and always 
remains at right angles to the blade. The bending portion does 
not present any external or internal difference in structure 
from the rest of the petiole. We will now give the cxijeriments 
on which the above conclusions are founded. 

A large pot with several plants was brought on the morning 
of Sept. 3rd out of the greenhouse and placed before a north-east 
window, in the same position as before with respect to the light, 
as far as that was possible. On the front of the plant.s, 24 leaves 
were marked with thread, some of which had their blades hori- 
zontal, but the greater number were inclined at about 45°, 
beneath the horizon; at night all these, without exception, 
became vertical. Early on the following morning (4th) they 
reassumed their former positions, and at night again became 
vertical. On the 5th the shutters were opened at 6.15 a.m., and 
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by 8 18 A.M., after the leaves had been illuminated for 2 h. 3 m., 
and had acquired their diurnal position, they were placed in a 
dark cupboard. They were looked at twice durmg the day and 
thrice in the evening, the last time at 10 30 P.M., and not one had 
become vertical. At 8 a.m. on the following morning (Cth) they 
still retained the same diurnal position, and were now replaced 
before the north-east window. At night all the leaves which 
had faced the light had their petioles curved and their blades 
vertical • whereas none of the leaves on the back of the plants, 
although they had been moderately illuminated by the diffused 
light of the room, were vertical. They were now at night placed 
in the same dark cupboard; at 9 a.m. on the next morning (7th) 
all those which had been asleep had rea.=sumed their diurnal 
position. The pot was then placed for 3 h. in the sunshine, so 
as to stimulate the plants ; at noon they were placed before the 
same north-east window, and at night the leaves slept in the 
usual manner and awoke on the following morning. At noon on 
this day (8th) the plants, after having been left before the north- 
east window for 5 h. 45 m. and thus illuminated (though not 
brightly, as the sky was cloudy during the whole time], were 
replaced in the dark cupboard, and at 3 p. m. the position of the 
leaves was very little, if at all, altered, so that they are not 
quickly affected by darkness; but by 10.15 p.m. all the leaves 
which had faced the north-east sky during the 5h. 45 m. of 
illununatiou stood vertical, whereas those on the back of the 
plant retained their diurnal position. Oii the following morning 
(9th) the Iciives awoke as on the two former occasions in the dark, 
and they were kept in the dark during the whole day ; at night 
a very few of them became vertical, and this was the one in- 
stance in which we oUserved any inherited tendency or habit in 
this plant to sleep at the iwoper time. That it was real sleep 
was shown by these same leaves reas.suming their diurnal posi- 
tion on the following morning (10th) whilst still kept in the 
dark. 

The pot was then (9.45 a.m. 10th) replaced, after having been 
kept for 36 h. in darkness, before the north-east window ; and at 
night the blades of all the leaves (excepting a few on the back of 
the plants) l>ecame conspicuously vertical. 

At 6.45 A.M. (11th) after the plants had been illuminated on the 
same side as before during only 23 m., the pot was turned round, 
so that the leaves which had faced the light now faced the 
interior of the room, and not one of these went to steep at night ; 
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■whilst some, but not many, of those which had formerly stood 
facing the back of the room and -which had never before been 
■well illuminated or gone to sleep, now assumed a vertical posi- 
tion at night. On the next day (1‘ith) the plant was turned 
round into its original position, so that the same leaves faced 
the light as formerly, and these now went to sleep in the usual 
manner. We will only add that with some young seedlings 
kept in the greenhouse, the blades of the fii-st pair of true leaves 
(the cotyledons being hypogcan) stood during the day almost 
horizontally and at night almost vertically. 

A few observations were subsequently made on the circum- 
nutation of three leaves, whilst facing a north-east window ; but 
the tracings are not given, as the leaves moved somewhat 
towards the light. It was, however, manifest that they rose 
and fell more than once during the daytime, the ascending and 
descending lines being in parts extremely zigzag. The nocturnal 
fall commenced about 7 p.m., and the leaves had risen consider- 
ably by 6.45 A.M. on the following morning. 

Leguiniiioiict.— This Family includes many more genera with 
sleeping species than all the other families put together. The 
number of the tribes to which each genus belongs, according to 
Bentham and Hooker’s arrangement, has been added. 

Crotolaria (sp. ?) (Tribe 2).— This plant is monophyllous, and 
we are informed by Mr. T. Thiselton Dyer that the leaves rise 
up vertically at night and press against the stem. 

Lupinus (Tribe 2). — The palmate. or digitate leaves of the 
species in this large genus sleep in three different manners. 
One of the simplest, is that all the leaflets become steeply in- 
clined downwards at night, having been during the day ex- 
tended horizontally. This is shown in the accompanying 
figures (Fig. 137), of a leaf of L. pilosiis, as seen during the 
day from vertically above, and of another leaf asleep with the 
leaflets inclined downwards. As in this position they arc 
crowded together, and as they do not liecome folded like those 
in the genus Oxalis, they cannot ocenpy a vertically dependent 
position ; but they are often inclined at an angle of 50° beneath 
the horizon. In this species, whilst the leaflets are sinking, 
the petioles rise up, in two instances when the angles were 
measured to the extent of 23°. The leaflets of L. sub-carnosus and 
arboreiis, which were horizontal during the day, sank down, at 
night in nearly the same manner ; the former to an angle of 38°, 
and the latter of 36°, beneath the horizon ; but their petioles 
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did not move in any plainly perceptible degree. It is, however, 
quite possible, as we shall presently see, that if a large number 
of plants of the three foregoing and of the following species 



lupinus pilosus: A, leaf seen from vertically above in daytime ; B, leaf 
asleeji, seen laterally at night. 

were to be observed at all seasons, some of the leaves would be 
found to sleep in a different manner. 

In the two following species the leaflets, instead of motdng 
downwards, rise at night. With L. Ilartwegii some stood at 
noon at a moan angle of 36° above the horizon, and at night 
at 51°, thus forming together a hollow cone with moderately 
steep sides. The petiole of one leaf rose 14° and of a second 
11° at night. With L. lutcus a leaflet rose from 47° at noon to 
65° above the horizon at night, and another on a distinct leaf 
rose from 45° to 69°. The petioles, however, sink at night to 
a small extent, viz., in three instances by 2°, 6°, and 9° 30'. 
Owing to this movement of the petioles, the outer and longer 
leaflets have to bend up a little more than the shorter and inner 
ones, in order that all should stand symmetrically at night. 
We shall presently see that some leaves on the same individual 
plants of L. lutetis sleep in a very different manner. 

We now come to a remarkable position of the leaves 
when asleep, which is common to several species of Lupines. 
On the same leaf the shorter leaflets, which generally face the 
centre of the plant, sink at night, whilst the longer ones 
on the opposite side rise; the intermediate and lateral ones 
merely twisting on their own axes. But there is some variability 
with resiiect to which leaflets rise or fall. As might have been 
expected from such diverse and complicated movements, the 
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l)ase of each leaflet is developed (at least in the case of L. lutms) 
into a pulvinus. The result is that all the leaflets oil the 
same leaf stand at night more or less highly inclined, or even 
quite vertically, forming in this latter case a vertical star. This 
occurs with the leaves of a species purchased under the name of 



Fig. 138 




Lapinus piibescena; A, leaf viewed laterally during the day; B, same leaf 
at night; C, another leaf with the leaflet forming a vertic.al star at 
night. Figures reduced. 



L. puhsce.ns ; and in the accompanying figures we see at A (Fig. 
138) the leaves in their diurnal position; and at B the same 
plant at night with the two upper leaves having their leaflets 
almost vertical. At C another leaf, viewed laterally, is shown 
with the leaflets quite vertical. It is chiefly or exclusively the 
youngest leaves which form at night vertical stare. But there 
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is much variability in the position of the leaves at night on the 
same plant ; some remaining with their leaflets almost horizontal, 
others forming more or less highly inclined or vertical .stars, and 
•some with all their leaiiets sloping downwards, as in our first 
class of cases. It is also a remarkable fact, that although all the 
plants produced from the same lot of seeds were identical in 
appearance, yet some individuals at night had the leaflets of all 
their leaves arranged so as to form more or less highly inclined 
stars ; others had them all sloping downwards and never forming 
a star; and others, again, retained them either in a horizontal 
position or raised them a little. 

We have as yet referred only to the difterent positions of tne 
leaflets of L. pubescens at night ; but the petioles likewi.'-e difi'er 
in their movements. That of a young leaf which formed a 
highly inclined star at night, stood at noon at 42’ alwve the 
horizon, and during the night at 72’, so had riseji 30’. The 
petiole of another leaf, the leaflets of which occuiiied a similar 
position at night, rose only 6°. On the other Land, the petiole 
of a leaf with all its leaflets sloping down at night, fell at this 
time 4’. The petioles of two rather older leaves were subse- 
quently oliserved ; both of which stood during the day at exactly 
the same angle, viz., 50° alwve the horizon, and one of these rose 
7°— 8°, and the other fell 3° — 4° at night. 

We meet with cases like that of L. piibi^sceas with some other 
species. On a single plant of L. mutahilis some leaves, which 
stood horizontally during the day, formed highly inclined stars 
at night, and the petiole of one rose 7°. Other leaves which 
likewi.se stood horizontally during the day, had at night all their 
eaflets sloping downwards at 46° beneath the horizon, but 
their petioles had hardly moved. Again, L. lut. m oflfered a still 
more remarkable case, for on two leaves, the leaflets which stood 
at noon at aliout 45° above the horizon, rose at night to 65° and 
09 , so that they formed a hollow cone with steep sides. Four 
leaves on the same plant, which had their leaflets horizontal at 
noon termed vertical stars at night; and three other leaves 
equally honzontal at noon, had all their leaflets sloping down- 
rt**'n' **i*t leaves on this one plant assumed 

c ’r® positions. Though we cannot account 

r t^'ct, we can see that such a stock might readilv give 
biith to species having widely differeut.nyctitropic habits, 
nim.'! . ^ ti"® siooP ot the species of Lu- 

pmuB, several, namely, L. polyphyllus, nanus, Mtnziesii, speciosus. 
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and alhifrom, tliongh observed out of doors and in the green- 
house, did not change the position of their leaves sufficiently at 
night to bo said to sleep. From observations made on two 
sleeping species, it appears that, as with Tropaolum imjus, the 
leaves must be well illuminated during the day in order to sleep 
at night.- For several plants, kept all day in a sitting-room 
with north-cast windows, did not sleep at night ; but when the 
pots were placed on the following day out of doors, and were 
brought in at night, they slept in the usual manner. The trial 
was repeated on the following day and night with the same 
result. 

Some observations were made on the circumnutation of the 
leaves of L. JuUus and arboreus. It will suffice to say that the 
leaflets of the latter exhibited a double oscillation in the course 
of ‘Jlh.; for they fell from the early morning until 1015 a.m., 
then rose and zigzagged greatly till 4 p.m., after which hour the 
great nocturnal fall commenced. By 8 a.m. on the following 
morning the leaflets had risen to their proper height. We have 
seen in the fourth chapter, that the leaves of l.upinus speciosus, 
which do not sleep, circumnutate to an extraordinary extent, 
making many ellipses in the course of the day. 

Cytisus (Tribe 2), Trigonella and Medkago (Tribe 3). — Only 



Fig. 139. 




A. B. 

iledicago marina ; A, le.ives during tlje d.iy ; B, Ic.ivcs .tslccp at night, 

a few observations were made on these three genera. The 
petioles on a young plant, about a foot in height, of Cytisus 
f ragrans rose at night, on one occasion 23° and on another 33°. 
The three leaflets also bend upwards, and at the same time 
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approach each other, so that the base of the central leaflet 
overlaps the bases of the two lateral leaflets. They bend 
Tip so much that they press against the stem ; and on looking 
down on one of these y oung plants from vertically above, the 
lower surfaces of the leaflets are visible ; and thus their upper 
surfaces, in accordance with the general rule, are best protected 
from radiation. Whilst the leaves on these young i>lants were 
thus behaving, those on an old biusli in full flower did not sleep 
at night. 

THgmella Cretica resembles a Melilotus in its sleep, which will 
be immediately described. According to M. Eoyer,* the leaves 
of Mfdkago maculata rise up at night, and “ se renversent un 
pell de maniere a presenter obliquement au ciel leur face in- 
ferieure.” A drawing is here given (Fig. 139) of the leaves 
of .1/. marina awake and asleep ; and this would almost serve 
for Cgtisusfragrans in the same two states. 

MeUMus (Tribe 3).— The species in this geniis sleep in a 
remarkable manner. The three leaflets of each leaf twist through 
an angle of 90‘’, so that their blades stand vertically at night 
with one lateral edge presented to the 2 enith (Fig. 140). We 
shall best understand the other and more complicated move- 
ments, if we imagine ourselves always to hold the leaf with the 
tip of the terminal leaflet pointed to the north. The leaflets in 
becoming vertical at night could of course twist so that their 
upper sm-faces should face to either side; but the two lateral 
leaflets always twist .so that this surface tends to face the north, 
but as they move at the same time towards the terminal leaflet, 
the upper surface of the one faces about N.N.W., and that of 
the other N.N.E. The terminal leaflet behaves differently, for 
it twists to either side, the upper surface facing sometimes east 
and sometimes west, but rather more commonly west than east. 
The terminal leaflet also moves in another and more remarkable 
manner, for whilst its blade is twisting and becoming vertical, 
the whole leaflet bends to one side, and invariably to the side 
towards which the upper surface is directed; so that if this 
surlace faces the west the whole leaflet bends to the west, until 
it comes into contact with the upper and vertical surface of 
the western lateral leaflet. Thus the upper surface of the 
terminal and of one of the two lateral leaflets is well protected. 

The fact of the terminal leaflet twisting indifierently to either 

* ‘ Amiules des Sc. Nat. Bot.’ (5th series), ix. 1868, p. 368. 
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side and afterwards bending to the same side, seemed to us so 
remarkable, that we endeavoured to discover the cause. We 
imagined that at the commencement of the movement it might 
be determined by one of the two halves of the leaflet being 
a little heavier than the other. Therefore bits of wood were 
gummed on one side of several leaflets, but this produced no 
effect; and they continued to twist in the same direction as 



Fig. 140. 




C. 



Mchjotus officinalis ; A, le.if during the daytime. B, another leaf asleep. 
C, a leaf asleep as viewed from vertically above ; but in this case the 
terminal leaflet did nut happen to be in such close contact with the 
lateral ona^ as is usu.al. 

they hal previously done. In order to discover whether the 
same leaflet twisted permanently in the same direction, black 
threads were tied to 20 leaves, the terminal leaflets of which 
twisted so that their upper surfaces faced west, and 14 white 
threads to leaflets which twisted to the east. These were ob- 
served occasionally during 14 days, and they all continued, with 
a single exception, to twist and bend in the same direction ; for 
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one le.aflet, which had originally faced east, was observed after 
9 days to face west. The seat of both the twisting and bending 
movement is in the pnlvinus of the sub-petioles. 

We believe that the leaflets, especially the two lateral ones, 
in performing the above described complicated movements 
generally bend a little downwards ; but we are not sure of this, 
for, as far as the main petiole is concerned, its nocturnal move- 
ment is largely determined by the position which the leaf 
hajipeus to occupy during the day. Thus one main petiole was 
observed to rise at night 59°, whilst three others rose only 7° 
and 9°. The petioles and sub-pctioles are continually circum- 
nutating during the whole 24 h., as we shall presently see. 

The leaves of the following 15 species, M. officinalis, siiaveoletis, 
parviflora, alba, infesta, dentata, gracilis, sulcata, elegans, ccxruleu, 
•pcUtpitrreana, macrorrhiza, ItiHca, secundijiora, and Tuurica, 
sleeii in nearly the same manner as just described; but the 
bending to one side of the terminal leaflet is apt to fail imless 
the plants are growing vigorously. With d/. petitpicrreat.a and 
secundijiora the terminal leaflet was rarely seen to bend to one 
side. In young plants of M. Italica it bent in the usual manner, 
but with old plants in full flower, growing in the same pot and 
observed at the same hour, viz., 8.30 p.m., none of the terminal 
leaflets on several scores of leaves had bent to one side, though 
they stood vertically ; nor nad the two lateral leaflets, though 
standing vertically, moved towards the terminal one. At 
1030 P.M., and again one hour after midnight, the terminal 
leaflets had become very slightly bent to one side, and the 
lateral leaflets had moved a very little towards the terminal one, 
so that the position of the leaflets even at this late hour was far 
from the ordinary one. Again, with M. Taurica the terminal 
leaflets were never seen to bend towards either of the tw'o lateral 
leaflets, though these, whilst becoming vertical, had bent towards 
the terminal one. The sub-petiole of the terminal leaflet in 
this species is of unusual length, and if the leaflet had bent to 
one side, its upper surface could have come into contact only 
with the apex of either lateral leaflet ; and this, perhaps, is the 
meaning of the loss of the lateral movement. 

The cotyledons do not sleep at night. The first leaf consists of 
a single orbicular leaflet, which twists at night so that the blade 
stands vertically. It is a remarkable fact that with M. Taurica, 
and in a somewhat less degree with M. macrorrhiza and petit- 
pierreana, all the many small and young leaves produced during 
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the early spring from shoots on some cut-down plants in the 
greenhouse, slept in a totally different manner from the normal 
one ; for the three leaflets, instead of twisting on their own axes 
so as to present their lateral edges to the zenith, turned upwards 
and stood vertically with their apices pointing to the zenith. 
They thus assumed nearly the same position as in the allied 
genus Trifolium ; and on the same principle that embryological 
characters reveal the lines of descent in the animal kingdom, so 
the movements of the small leaves in the above three species of 
Melilotus, perhaps indicate that this genus is descended from 
a form which was closely allied to and slept like a Trifolium. 
Moreover, there is one species, M. mesfane.nsis, the leaves of 
which, on full-grown plants between 2 and 3 feet in height, 
sleep like the foregoing small leaves and like those of a Trifolium. 
We were so much surprised at this latter case that, until the 
flowers and fruit were examined, we thought that the seeds of 
some Trifolium had been sown by mistake instead of those of a 
Melilotus. It appears therefore probable that M. messanensis 
has either retained or recovered a primordial habit. 

The circumnutation of a leaf of M. officinalis was traced, 
the stem being left free ; and the apex of the terminal leaflet 
described three laterally extended ellipses, between 8 a.m. and 
4 p.M. ; after the latter hour the nocturnal twisting movement 
commenced. It was afterwards ascertained that the above 
movement was compounded of the circumnutation of the stem 
on a small scale, of the main petiole which moved most, and Of 
the sub-petiole of the terminal leaflet. The main petiole of a 
leaf having been secured to a stick, close to the base of the sub- 
petiole of the terminal leaflet, the latter described two small 
ellipses between 10.30 a.m., and 2 p.m. At 7.15 p.m., after this 
same leaflet (as well as another) had twisted themselves into 
their vertical nocturnal position, they began to rise slowly, and 
continued to do so until 10.35 p.m., after which hour they were 
no longer observed. 

As M. messanensis sleeps in an anomalous manner, unlike that 
of any other species in the genus, the circumnutation of a 
terminal leaflet, with the stem secured, was traced during two 
days. On each morning the leaflet fell, until about noon, and 
then began to rise very slowly ; but on the first day the rising 
movement was interrupted between 1 and 3 p.m. by the formation 
of a laterally extended ellipse, and on the second day, at the 
same time, by two smaller ellipses. The rising movement then 
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recommenced, and became rapid late in the evening, when 
the leaflet was beginning to go to sleep. The awaking or 
sinking movement bad already commenced by 6.45 a.m on both 
mornings. 

Trifolium (Tribe 3).— The nyctitropic movements of 11 
species were observed, and were found to be closely similar. If 
we select a leaf of f. repens having an upright petiole, and with 
the three leaflets expanded horizontally, the two lateral leaflets 
will be seen in the evening to twist and approach each other, 
until their upper surfaces come into contact. At the same time 
they bend downwards in a plane at right angles to that of their 
former position, until their midribs form an angle of about 4.5° 
with the upper part of the petiole. This peculiar change of 
position requires a considerable amount of torsion in the pid- 
vinus. The terminal leaflet merely rises up without any twist- 



Fig. Ul. 




h. 



Trifolium repens: A, leaf during the day ; B, leaf asleep at night. 

ing, and liends over until it rests on and forms a roof over the 
edges of the now vertical and united lateral leaflets. Thus the 
terminal leaflet always passes through an angle of at least 90°, 
generally of 130° or 140°, and not rarely— as was often observed 
with T. suUcrranenm—ol 180°. In this latter case the terminal 
leaflet stands at night horizontally (as in Fig. 141), with its 
lower surface fully exposed to the zenith. Besides the difference 
in the angles, at which the terminal leaflets stand at night in 
the individuals of the same species, the degree to which the 
lateral leaflets approach each other often likewise differs. 

We have seen that the cotyledons of some species and not of 
others rise up vertically at night. The first true leaf is generally 
unifoliate and orbicular; it always rises, and either stands verti- 
cally at night or more commonly liends a little over so as to expose 
the lower surface obliquely to the zenith, in the same manner 
as does the terminal leaflet of the mature leaf. But it does not 
twist itself like the corre.sponding first simple leaf of Melilotns. 
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With T. Pannnnicum the first true leaf was generally unifoliate, 
but sometimes trifoliate, or again ])artiully lobed and in an 
intermediate condition. 

Vircumnutation. — Sachs descril>ed in 18G3* the spontanoons 
up and down movements of the leaflets of T. incarnatum, when 
kept in darkness. Pfefler made many observations on the 
similar movements in T. pratetise.\ He states that the terminal 
leaflet of this species, ob.served at different times, pa.ssed through 
angles of from 30° to 120° in the course of from 11 to 4 b. We 
observed the movements of T. suhkrraneum, resupitiatum, and 
repens. 

'Jri/olium suhlerranenm. — A petiole was secured close to the 
base of the three leaflets, and the movement of the terminal 
leaflet was traced during 261 h., as shown in the figure on the 
next page. 

Between 6.45 a.m. and 6 p.m. the apex moved 3 times up 
and 3 times down, completing 3 ellipses in 11 h. 15 m. The 
ascending and descending lines stand nearer to one another 
than is usual with most plants, yet there was some lateral 
motion. At 6 p.m. the great nocturnal rise commenced, and 
on the next morning the sinking of the leaflet was continued 
until 8.30 A.M., after which hour it circumnutated in the manner 
just described. In the figure the great nocturnal rise and 
the morning fall are greatly abbreviated, from the want of 
space, and are merely represented by a short curved line. The 
leaflet stood horizontally when at a point a little beneath the 
middle of the diagram; so that during the daytime it oscillated 
almost equally above and beneath a horizontal position. At 
8.30 A.M. it stood 48° beneath the horizon, and by 11.30 a.m. it 
had risen 50° above, the horizon ; so that it passed through 98° 
in 3 h. By the aid of the tracing we ascertained that the 
distance travelled in the 3 h. by the apex of this leaflet was 
1 "03 inch. If we look at the figure, and prolong upwards in 
our mind’s eye the short curved broken line, which repre- 
sents the nocturnal course, we see that the latter movement is 
merely an exaggeration or prolongation of one of the diurnal 
ellipses. The same leaflet had been observed on the previous 
day, and the course then pursued was almost identically the 
same as that here described. 



• ‘Flora,’ 18i:3. p. 197. 
t ‘ Die r. riod. Bewegungen,' 1.875, pp. 35, 52. 



© The Complete Work of Charles Darwin Online 



Obap. VII. 



OP LEAVES. 



351 



Tri/oUum resnpiimtion. —A 
before a nortb-east win- 
dow, in such a position 
that a terminal leaflet 
projected at right angles 
to the source of the light, 
the sky being uniformly 
clouded all day. The 
movements of this leaflet 
were traced during two 
days, and on both were 
closely similar. Those 
executed on the second 
day are shown in Fig. 
113. The obliquity of 
the several lines is due 
partly to the manner in 
which the leaflet was 
viewed, and partly to its 
having moved a little to- 
wards the light. From 
7.50 A.M. to 8.40 A.M. the 
leaflet fell, that is, the 
awakening movement was 
continued. It then rose 
and moved a little late- 
rally towards the light. 
At 12.30 it retrograded, 
and at 2.30 resumed its 
original course, having 
thus completed a small 
ellipse during the middle 
of the day. In the even- 
ing it rose r.apidly, and 
by 8 A.M. on the following 
morning had retui-ned to 
exactly the same spot as 
on the previous morning. 
The line representing the 
nocturnal course ought 
to ha extended much 
higher up, and is here 
abbreviated into a short, 

le 



plant left entirely fret was placed 




© The Complete Work of Charles Darwin Online 



352 



MODIFIED CIKCUMNUTATION. 



Chap. VII. 




curved, broken line. The terminal leaflet, therefore, of this 
species described during the daytime only a single additional 
ellipse, instead of two ad- 
Fig. 143. ditional ones, as in the 

case of T. subterraneum. 
But we should remember 
that it was shown in the 
fourth chapter that the 
stem circumnutates, as no 
doubt does the main petiole 
and the sub-petioles; so 
that the movement repre- 
sented in fig. 143 is a com- 
pounded one. We tried 
to observe the movements 
of a leaf kept during the 
day in darkness, but it 
, began to go to sleep after 

^ is »■. «»? ‘i>» -f 

rainal'leaflet during 24 hours. well pronounced after 4 h. 



30 m. 

Trifolium repens.— A stem was secured close to the base of 
a moderately old leaf, and the movement of the terminal leaflet 
was observed during two days. This case is interesting solely 
from the simplicity, of the movements, in contrast with those of 
the two preceding species. On the first day the leaflet fell 
between 8 a.m. and 3 p.m., and on the second between 7 a.m. 
and 1 P.M. On both days the descending course was somewhat 
zigzag, and this evidently represents the circumnutating move- 
ment of the two previous species during the middle of the day. 
After 1 P.M., Oct. 1st (Fig. 144), the leaflet began to rise, but 
the movement was slow on both days, both before and after 
this hour, until 4 p.m. The rapid evening and nocturnal rise 
then commenced. Thus in this species the course during 24 h. 
consists of a single great ellipse; in T. resupinatum of two 
ellipses, one of which includes the nocturnal movement and is 
much elongated; and in T. subterraneum of three ellipses, of 
which the nocturnal one is likewise of great length. 

Securigera coronilla (Tribe 4).— The leaflets, which stand 
opposite QJie another and are numerous, rise up at night, come 
into close contact, and bend backwards at a moderate angle 
towards the base of the petiole. 
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Fig. 144. 



Lotus (Tribe 4).— Tlie nyctitropic movements of 10 species 
in this genus were observed, and found to be the same. The 
main petiole rises a little at night, and 
the three leaflets rise till they become 
vertical, and at the same time approach 
each other. This was conspicuous with 
L. Jacohceus, in which the leaflets are 
almost linear. In most of the species 
the leaflets rise so much as to press 
against the stem, and not rarely they 
become inclined a little inwards with 
their lower surfaces exposed obliquely 
to the zenith. This was clearly the 
case with L. major, as its petioles are 
unusually long, and the leaflets are thus 
enabled to bend further inwards. The 
young leaves on the summits of the 
stems close up at night so much, as 
often to resemble large buds. The 
stipule-like leaflets, which are often of 
large size, rise up like the other leaflets, 
and press against the stem (Fig. 145). 

All the leaflets of L. Gehelii, and pro- 
bably of the other species, are provided 
at their bases with distinct pulvini, of 
a yellowish colour, and formed of very 
.„.ii c.iia. The alien 

terminal leaflet of L. perigrinus (with ‘ ' 

the stem secured) was traced during 
two days, but the movement was so 
simple that it is not worth while to 
give the diagram. The leaflet fell 
slowly from the early morning till 
about 1 p.M. It then rose gradually 
at first, but rapidly late in the evening. 

It occasionally stood still for about 20 m. during the day, and 
sometimes zigzagged a little. The movement of one of the 
basal, stipule-like leaflets was likewise traced in the s.'ime 
manner and at the same time, and its course was closely similar 
to that of the terminal leaflet. 

In Tribe 5 of Bentham and Hooker, the sleep-movements 
of s(iecic8 in 12 genera have been observed by ourselves and 




moTcmeDts of a ne.irly 
full - grown termin.Tl 
leaflet, traced on a ver- 
tical glass from 7 A.M. 
Sept. 30th to 8 A.M. Oct. 
1st. Nocturnal course, 
represented by curved 
broken line, much ab- 
breviated. 
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others, but only in Eobinia with any care. Psoraha acanlh 
raises its three leaflets at night ; whilst Amorpha frutkosa* 
Dalea alopecuroidcs, and Jndigo/era tinctoria depress them. 
Duchartre t states that Tephrosia caribcea is the sole example 
of “folioles couchees le long du petiole et vers la base;” hut a 



Fig. 145. 





Lotus Cicticus: A, stem with leaves awake during the day ; B, with leaves 
asleep at night. SS, stipule-like leaflets. 



similar movement occurs, as we have already seen, and shall 
again see in other cases. tVislaria Sinensis, according to 
Eoyer.t “ahaisse les folioles qui par une disposition bizarre 
sout incliu6es dans la meme feuille, les sup6rieures vers le 



* Duchaite, ‘ Elc'mcnts do J ‘ Ann. des Sciences, Nats. 
Butanique,' 18G7, p. 349. Bot.’ (5th series), ix. 1838. 

t Ibid., p. 347. 



The Complete Work of Charles Darwin Online 



Chap. VII. 



SLEEP OF LEAAES. 



355 



somniet, les inferieurcs vers la base du petiole commuu ; ” but 
the leaflets on a young plant observed by us in the green- 
house merely sank vertically downwards at night. The leaflets 
are raised in Sphwrojyhysa sahola, Colutea arhorca, and Astra- 
galus uliginosus, but are depressed, according to Linnmus, in 
Glycyrrhiza. The leaflets of Rohinia pseudo-acacia likewise sink 
vertically down at night, but the petioles rise a little, viz., in 
one case 3°, and in another 4°. The circumnutating move- 
ments of a terminal leaflet on a rather old leaf were traced 
during two days, and were simple. The leaflet fell slowly, in a 
slightly zigzag line, from 8 a.m. to 5 p.m., and then more 
rapidly ; by 7 a.m. on the following morning it had risen to its 
diurnal position. There was only one peculiarity in the move- 
ment, namely, that on both days there was a distinct though 
small oscillation up and down between 8.30 and 10 a.m., and 
this "would probably have been more strongly pronounced if 
the leaf had been younger. 

Coronilla rosea (Tribe 6). — The leaves bear 9 or 10 pairs of 
opposite leaflets, which during the day stand horizontally, with 
Fig. 146. 




their midribs at right angles to the petiole. At night they rise 
up, so that the opposite leaflets come nearly into contact, and 
those on the younger leaves into close contact. At the same 
time they bend back towards the base of the petiole, until their 
midribs form with it angles of from 40“ to 50° in a vertical 
plane, as here figured (Fig. 146). The leaflets, however, some- 
times bend so much back that their midribs become parallel to 
and lie on the petiole. They thus occupy a reversed position 
to what they do in several Legumino.sm, for instance, in Mimosa 
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pudica ; but, from standing further apart, they do not overlap 
one another nearly so much as in this latter plant. The main 
petiole is curved slightly downwards during the day, but 
straightens itself at night. In three cases it rose from 3° above 
the horizon at noon, to 9° at 10 p.m. ; from 11° to 33° ; and from 
5° to 33° — the amount of angular movement in this latter case 
amounting to 28°. In several other species of Coronilla the 
leaflets showed only feeble movements of a similar kind. 

lledysarum coronarium (Tribe 6). — The small lateral leaflets 
on plants growing out of doors rose up vertically at night, but 
the large terminal one became only moderately inclined. The 
petioles apparently did not rise at all. 

Smithia Ffundii (Tribe 6). — The leaflets rise up vertically, 
and the main petiole also rises considerably. 

Arachis hypogma (Tribe 6).— The shape of a leaf, with its two 
pairs of leaflets, is shown at A (Fig. 147) ; and a leaf asleep. 



Fig. 147. 




A B. 



Arachis hypnycea ; A, leaf during the day, seen from vertically above ; B, 
leaf asleep, .seen laterally; copied from a photogriph. Figures much 
reduced. 

traced from a photograph (made by the aid of aluminium 
light), is given at B. The two terminal leaflets twist round at 
night until their blades stand vertically, and approach each 
other until they meet, at the same time moving a little upwards 
and backwards. The two lateral leaflets meet each other in the 
same manner, but move to a greater extent forwards, that is, in 
a contrary direction to the two terminal leaflets, which they 
partially embrace. Thus all four leaflets form together a single 
packet, with their edges directed to the zenith, and with then- 
lower surfaces turned outwards. On a plant which was not 
growing vigorously the closed leaflets seemed too heavy for the 
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Fig. U8. 



petioles to support them in a vertical position, so that each 
night the main petiole became twisted, and all the packets were 
extended horizontally, with the lower surfaces of the leaflets on 
one side directed to the zenith in a most anomalous manner. 
This fact is mentioned solely as a caution, as it surprised us 
greatly, until we discovered that it was an anomaly. The 
petioles are inclined upwards during the day, but sink at night, 
so as to stand at about right angles with the stem. The amount 
of sinking was measured only on one occasion, and found to be 
39°. A petiole was secured to a stick at the base of the two 
terminal leaflets, and the circumnutating movement of one of 
these leaflets was traced from 6.40 a.m. to 10.40 p.m., the plant 
being illuminated from above. The temperature was 17°— 17^° C. 
and therefore rather too low. During the 16 h. the leaflet moved 
thrice up and tluice down, and as the ascending and descend- 
ing lines did not coincide, three ellipses were formed. 

Desmodium gyrans (Tribe 6).— A large and full-grown leaf of 
this plant, so famous for the spontaneous 
movements of the two little lateral leaflets, 
is here represented (Fig. 148). Tlie large 
terminal leaflet sleeps by sinking vertically 
down, whilst the petiole rises up. The coty- 
ledons do not sleep, but the fii'st-formed leaf 
sleeps equally well as the older ones. The 
appearance pre.sented by a sleeping branch 
and one in the day-time, copied from two 
photographs, are shown at A and B (Fig. 

149), and we see how at night the leaves are 
crowded together, as if for mutual pro- 
tection, by the rising of the petioles. The 
petioles of the younger leaves near the sum- 
mits of the shoots rise up at night, so as to 
stand vertical and parallel to the stem ; 
whilst those on the sides were found in four 
cases to have risen resj^ctively 461°, 36°, 

20°, and 19 '5° above the inclined positions 
which they had occupied during the day. 

For instance, in the first of these four cases 
the petiole stood in the day at 23°, and at 
night at 691° above the horizon. In the 
evening the rising of the petioles is almost 
completed before the leaflets sink perpendicularly downwards. 




Desmodium /lyrans: 
leaf seen from 
above, reduced 
to one-half na- 
tural size. The 
minute stipules 
unusually large. 
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Circumrmtation . — The cii-cnmnutating movements of four 
young shoots were obser\ ed during 5 h. 15 m. ; and in this time 
each completed an oval figm-e of small size. The main petiole 
also circumnutates rapidly, for in the course of 31 m. (temp, 
91° F.) it changed its course by as much as a rectangle six times, 
describing a figure which apparently, represented two ellipses. 




DesmoJiwn gyrans ; A, stem during the d.iy ; B, stem with leaves asleep. 
Copied from a photograph ; figures reduced. 



The movement of the terminal leaflet by means of its sub- 
petiole or pulvinus is quite as rapid, or even more so, than that 
of the main petiole, and has much greater amplitude. PfeAtT 
has seen * these leaflets move through an angle of 8° in the 
course of from 10 to 30 seconds. 

A flue, nearly full-grown leaf on a young plant, 8 inches in 
height, with the stem secured to a stick at the base of the leaf, 
was observed from 8.30 a.m. June 22nd to 8 a.m. June 24th. 



* ‘ Die Pericxl. Beweg.,’ p. 35. 
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111 the diagram given on the next page (Fig. 150), the two 
curved broken lines at the base, which represent the nocturnal 
courses, ought to be prolonged far downwards. On the first 
day the leaflet moved thrice down and thrice up, and to a con- 
siderable distance laterally; the course was also remarkably 
crooked. The dots were generally made every hour; if they 
had been made every few minutes all the lines would have been 
zigzag to an extraordinary degi-ee, with here and there a loop 
formed. We may infer that this would have been the ca.^e, 
because five dots were made in the course of 31 m. (between 
3-2.31 and 1.5 p.m.), and we see in the upper part of the diagram 
how crooked the course here is ; if only the first and last dots 
had been joined we should have had a straight line. Exactly 
the same fact may be seen in the lines representing the course 
between 2.21 p.m. and 3 p.m., when sis intermediate dots were 
made; and again at 4.46 and 4.50. But the result was .widely 
different after 6 p.m., — that is, after the great nocturnal descent 
had commenced ; for though nine dots were then made in the 
course of 32 m , when these were joined (see Figure) the line thus 
formed was almost straight. The leaflets, therefore, begin to 
descend in the afternoon by zigzag lines, but as soon, as the 
descent becomes I’apid their whole energy is expended in thus 
moving, and their coxu-se becomes rectilinear. After the leaflets 
are completely asleep they move very little or not at all. 

Had the above plant been subjected to a higher temperature 
than 67° — ^70° F., the movements of the terminal leaflet would 
probably have been even more rapid and wider in extent than 
those shown in the diagram ; for a plant was kept for some time 
in the hot-hou.'e at from 92°— 93° F., and in the course of 35 m. 
the apex of a leaflet twice descended and once ascended, travelling 
over a space of 1'2 inch in a vertical direction and of '82 inch in 
a horizontal direction. Whilst thus moving the leaflet al.'^o 
rotated on its own axis (and this was a point to which no atten- 
tion had been befoi-e paid), for the plane of the blade differed by 
41° after an interval of only a few minutes. Occasionally the 
leaflet stood still for a short time. There was no jerking move- 
ment, which is so characteristic of the little lateral leaflets. A 
sudden and considerable fall of temperature causes the terminal 
leaflet to sink downwards ; thus a cut-off leaf was immersed in 
water at 95° F., which was slowly raised to 103° F., and after- 
wards allowed to sink to 70° F., and the sub-petiole of the ter- 
minal leaflet then curved downwards. The water was afterwards 
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raised to 120° F., and the sub-petiole straightened itself. Similar 
experiments with leaves in water were twice repeated, with 
nearly the same result. It should bo added, that water raised 
to even. 122° F. does not soon kill a leaf. A plant was placed 
in dai-kness at 8.37 A.M., and at 2 p.m. (i.e. after 5 h. 23 m.), tliough 
the leaflets had sunk considerably, they had by no means ac- 
quired their nocturnal vertically dependent position. Pfeffer, on 
the other hand, says * that this occurred with him in from 3 h. 
to 2 h. ; perhaps the difference in our results may be due to 
the plant on which we experimented being a very young and 
vigorous seedling. 

The Movements of the little Lattral Leaflets . — These have beenso 
often described, that we will endeavour to be as brief as possible 
in giving a few new facts and conclusions. The leaflets some- 
times quickly change their position by as much as nearly 180” ; 
and their sul>petioles can then be seen to become greatly curved. 
They rotate on their own axes, so that their upper surfaces arc 
directed to all points of the compass. The figure described by 
the apex is an irregular oval or ellipse. They sometimes re- 
main stationary for a period. In' these several respects there is 
no difference, except in rapidity and extent, between tliek move- 
ments and the lesser ones performed by the large terminal 
leaflet whilst making its great oscillations. The movements of 
the little leaflets are much influenced, as is well known, by 
temperature. This was clearly shown by immersing leaves with 
motionless leaflets in cold water, which was slowly raised to 
103° F., and the leaflets then moved quickly, describing about a 
dozen little irregular circles in 40 m. By this time the water- 
had become much cooler, and the movements became slower or 
almost ceased ; it was then raised to 100° F., and the leaflets 
again began to move quickly. On another occasion a tuft of 
fine leaves was immersed in water at 53° F., and the leaflets 
were of course motionless. The water was raised to 99°, and 
the leaflets soon began to move ; it was i-aised to 105°, and the 
movements became much more rapid ; each little circle or oval 
being completed in from 1 m. 30 s. to 1 m. 45 s. There was, 
however, no jerking, and this fact may perhaps be attributed to 
the resistance of the water. 

Sachs states that the leaflets do not move until the surround- 
ing air is as high as 71° — ^72° F., and this agrees with our 



* ‘ Die Period. Beweg.,’ p. 39. 
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experience on full-grown, or nearly full-grown, plants. But the 
leaflets of young seedlings exhibit a jerking movement at much 
lower temperatures. A seedling was kept (April 16th) in a room 
for half the day where the temperature was steady at 64° F., 
and the one leaflet which it bore was continually jerking, but 
not so rapidly as in the hot-house. The pot was taken in the 
evening into a bed-room where the temjjeratui’e remained at 
62° during nearly the w'hole night; at 10 and 11p.m. and at 
1 A.M. the leaflet was still jerking rapidly ; at 3.30 a m. it was not 
seen to jerk, but was observed during only a short time. It was, 
however, now inclined at a much lower angle than that occupied 
at 1 A.M. At 6.30 A.M. (temp. 61° F.) its inclination was still 
less than liefore, and again less at 6.45 a.m ; by 7.40 a m. it had 
risen, and at 8.30 a.m. was again seen to jerk. This leaflet, 
therefore, was moving during the whole night, and the move- 
ment was by jerks up to 1 a.m. (and possibly later) and again at 
8.30 AM., though the temperature was only 61° to 62° F. We 
must therefore conclude that the lateral leaflets produced by 
young plants difler somewhat in constitution from those on 
older plants. 

In the large genus Desmodium by far the greater niunl>er 
of the species are trifoliate ; but some arc uuifoliate, and even 
the same plant may licar uni- and trifoliate leaves. . In most 
of the species the lateral leaflets are only a little smaller than 
the terminal one. Therefore the lateral leaflets of 1). gyrans 
(see former Fig. 148) must be considered as almost rudi- 
mentary. They are also rudimentary in function, if this ex- 
j'ression may be used ; for they certainly do not sleep like the 
full-sized terminal leaflets. It is, however, possible that the 
sinking down of the leaflets between 1 a m. and 6.45 a.m,, as 
alwve described, may represent sleep. It is well known that 
the leaflets go on jerking during the early part of the night; 
but my gardener observed (Oct. 13th) a plant in the hot-house 
Iwtwcen 5 and 5.30 a.m., the temperature having been kept up 
to 82° F., and found that all the leaflets were inclined, but he 
saw no jerking movement until 6.55 a.m., by which time the 
terminal leaflet had risen and was awake. Two days after- 
wards (Oct. 15th) the same plant was observed by him at 
4.47 A.M. (temp. 77° F.), and he found that the large terminal 
leaflets were awake, though not quite horizontal ; and the only 
cause which we could assign for this anomalous wakefulness was 
that the plant had been kept for experimental purposes during 
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the previous day at an unusually high temperature ; the little 
lateral leaflets were also jerking at this hour, but whether 
there was any connection between this latter fact and the sub- 
horizontal position of the terminal leaflets we do not know. 
Anyhow, it is certain that the lateral leaflets do not sleep like 
the terminal leaflets; and in so far they may srid to be 
in a functionally rudimentary condition. They are in a similar 
condition in relation to irritability ; for if a plant be shaken 
or syringed, the terminal leaflets sink down to about 45° be- 
neath the horizon ; but we could never detect any effect thus 
])roduced on the lateral leaflets; yet we are not prepared to 
assert positively that rubbing or pricking the ijulvinus i)roduces 
no effect. 

As in the case of mo.st rudimentary organs, the leaflets arc 
variable in size ; they often depart from their normal position 
and do not stand opposite one another ; and one of the two is 
frequently ateent. This absence appeared in some, but not in 
all tlie cases, to be due to the leaflet having become completely 
confluent with the main petiole, as might be inferred from the 
presence of a slight ridge along its upper margin, and from the 
course of the vessels. In one instance there was a vestige of 
the leaflet, in the shape of a minute point, at the further end of the 
ridge. The frequent, sudden, and complete disappearance of one 
or both of the rudimentary leaflets is a rather singular fact ; but 
it is a much more surprising one that the leaves which are first 
developed on seedling plants arc not provided with them. Thus, 
on one seedling the seventh leaf above the cotyledons was the 
first which bore any lateral leaflets, and then only a single one. 
On another seedling, the eleventh leaf first bore a leaflet; of the 
nine succeeding leaves five bore a single lateral leaflet, and 
four bore none at all; at last a leaf, the twenty-first above the 
cotyledons, was provided with two rudimentary lateral leaflets. 
From a widespread analogy in the animal kingdom, it might 
have been expected that these radimentary leaflets would have 
been better developed and more regularly present on very young 
than on older plants. But bearing in mind, firstly, that long- 
lost characters sometimes reapi)ear late in life, and secondly, 
that the species of Desmodium are generally trifoliate, but that 
some are unifoliate, the suspicion arises that D. gyrans is 
descended from a unifoliate species, and that this was descended 
from a trifoliate one ; for in this case both the absence of the 
little lateral leafle's on very young seedlings, and their sub- 
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sequent appearance, may be attributed to reversion to more or 
less distant progenitors.* 

No one supposes that the rapid movements of the lateral 
leaflets of D. yyrans are of any use to the plant; and why 
they should behave in this manner is quite unknown. We 
imagined that their power of movement might stand in some 
relation with their rudimentary condition, and therefore ob- 
served the almost rudimentary leaflets of Mimosa alhida vel 
sensitiva (of which a drawing will hereafter be given. Fig. 159) ; 
but they exhibited no extraordinary movements, and at night 
they went to sleep like the full-sized leaflets. There is, how- 
ever, this remarkable difference in the two cases ; in Desmo- 
dium the pulvinus of the rudimentary leaflets has not been 
reduced in length, in correspondence with the reduction of the 
blade, to the same extent as has occiu-red in the Mimosa; and it 
is on the length and degree of curvature of the pulvinus that the 
amount of movement of the blade depends. Thus, the average 
length of the pulvinus in the large terminal leaflets of Desmo- 
dium is 3 mm., whilst that of the rudimentary leaflets is 2 86 mm. ; 
so that they differ only a little in length. But in diameter they 
differ much, that of the pulvinus of the little leaflets being only 

0- 3 mm. to 0-4 mm.; whilst that of the terminal leaflets is 

1- 33 mm. If we now turn to the Mimosa, we find that the 
average length of the pulvinus of the almost i-udimcntary 
leaflets is only O' 466 mm., or rather more than a quarter of the 
length of the pulvinus of the full-sized leaflets, namely, 1 • 66 mm. 
In this small reduction in length of the pulvinus of the rudi- 
mentary leaflets of Desmodium, we apparently have the proxi- 
mate cause of their great and rapid circumnutating movement, 
in contrast with that of the almost rudimentary leaflets of the* 
Mimosa. The small size and weight of the blade, and the little 
resistance opposed by the air to its movement, no doubt also come 
into play; for wo have seen that these leaflets if immersed in 
water, when the resistance would be much greater, were pre- 
vented from jerking forwards. Why, dm-ing the reduction of 
the lateral leaflets of Desmodium, or during their reappearance 
—if they owe their origin to reversion— the pulvinus should 
have been so much less affected than the blade, whilst with the 



* Desmodium resperiilionit is 
closely allied to D. gyrans, and 
it seems only oceasioually to l>ear 



rudimentary lateral leaflets. Du- 
cliartre, ‘Elc'mentsde Botanique,’ 
1867, p. .353. 
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Mimosa the pulvinus has been greatly reduced, we do not 
know. Nevertheless, it deserves notice that the reduction of 
the leaflets in these two genera has apparently been eflected by 
a different process and for a different end ; for with the Mimosa 
the reduction of the inner and basal leaflets was necessary from 
the W'ant of space; but no such necessity exists with Desmo- 
dium, and the reduction of its lateral leaflets seems to have 
l>ecn due to the principle of compensation, in consequence of 
the great size of the terminal leaflet. 

Uraria (Tribe 6) and Ceritrosema (Tribe 8). — The leaflets of 
Uraria lagopus and the leaves of a Centrosema from Brazil 
both sink vertically down at night. In the latter plant the 
petiole at the same time rose 16J°. 

Amphicaipcea monoica (Tribe 8). — The leaflets sink down ver- 
tically at night, and the petioles likewise fall considerably. 



Fig. 151. 




Amphicarpaa monoica: cirenmnutation and nyctitropic movement of leaf 
during 48 h. : its apex 9 inches from the vertical glass. Figure reduced 
to one-third of original scale. Plant illuminated from above: temp. 
17J°-18J° C. 

A petiole, which was carefully observed, stood during the day 
il5° above the horizon and at night 32° below it ; it therefore 
fell 57°. A filament was fixed transversely across the terminal 
leaflet of a fine young leaf (2J inches in length including the 
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petiole), and the movement of the whole leaf was traced on a 
vertical glass. This was a bad plan in some respects, because 
the rotation of the leaflet, independently of its rising or falling, 
raised and depressed the filament ; but it was the best plan for 
our special purpose of observing whether the leaf moved much 
alter it had gone to steep. The jilaut had twined closely round 
a thin stick, so that the circumnutation of the stem was pre- 
vented. The movement of the leaf was traced during 48 h., 
Irom 9 A.M. July 10th to 9 a.m. July 12th. In the figure given 
(Fig. 151) we see how complicated its course was on both days ; 
during the second day it changed its course greatly 13 times. 
The leaflets began to go to sleep a little after 6 p.m., and by 
7.15 P.M. hung vertically down aud were completely asleep; 
but on lx)th nights they continued to move from 7.15 p.m. 
to 10.40 and 10.50 p.m., quite as much as during the day ; and 
this was the point which we wished to ascertain. We see in 
the figure that the great sinking movement late in the evening 
does not differ essentially from the ciremnnutation during 
the day. 

Glycine hi>pida (Tribe 8). — The three leaflets sink vertically 
down at night. 

Erythrina (Tribe 8).— Five species were observed, and the 
leaflets of all sank vertically down at night ; with E. caffra and 
with a second unnamed species, the petioles at the same time 
ro.se slightly. The movements of the terminal leaflet of E. crista- 
galli (with the main petiole secured to a stick) were traced 
from 6.40 a.m., June 8th, to 8 a.m. on the 10th. In order to 
observe the nyctitropic movements of this plant, it is necessary 
that it should have grown in a warm greenhouse, for out of 
doors in our climate it does not sleep. We see in the tracing 
(Fig. 152) that the leaflet o.scillated twice up and down between 
early morning and noon; it then fell greatly, afterwards rising 
till 3 P.M. At this latter hour the great nocturnal fall com- 
menced. On the second day (of wlrich the tracing is not given) 
there was exactly the same double oscillation before noon, but 
only a very small one in the afternoon. On the tliird morning 
the leaflet moved laterally, which was due to its beginning to 
assume an oblique position, as seems invariably to occur with 
the leaflets of this species as they grow old. On both nights after 
the leaflets were asleep and hung vertically down, they continued 
to move a little both up aud down, and from side to side. 

Erythrina caJra.—A filament was fixed transversely across 
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a tei-minal leaflet, as \ve wished 
to observe its movements when 
asleep. Tlie plant was placed 
in the morning of June 10th 
under a skylight, where the 
light was not bright; and we 
do not know whether it was 
owing to this cause or to the 
plant having been disturbed, 
but the leaflet hung vertically 
down all day; nevertheless it 
circumniitated in this posi- 
tion, describing a figure which 
represented two irregular el- 
lipses. On the next day it 
circumnutated in a greater 
degree, describing four irre- 
gular ellipses, and by 3 p.m. 
had risen into a horizontal po- 
sition. By 7.15 p.M. it was 
asleep and vertically depen- 
dent, but continued to circum- 
nutate as long as observed, 
until 11 P.M. 

Erythrina corallo’Iendi on . — 
The movements of a terminal 
leaflet were traced. During 
the second day it oscillated 
four times up and four times 
down between 8 a.m. and 4 
P.M., after which hour the great • 
nocturnal fall commenced. On 
the third day the movement 
was equally great in ampli- 
tude, but was remarkably 
simple, for the leaflet rose in 
an almost jierfectly straight 
line from 6.50 a.m. to 3 p.m., 
and then sank down in an 
equally straight line until 
vertically dependent and 
asleep. 



Fig. 152. 




Erythrina crista-fialli ; circumnuta- 
tion and nyctitropic movcmcnl 
of terminal leaflet, 3J inches in 
length, traced during 25 h. ; apex 
of leaf 3 J inches from the vertical 
glass. Figure reduced to one-half 
of original scale. Plant illumi- 
nated from above; temp. 171''- 
18J° C. 
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Apios iuherosa (Tribe 8). — The leaflets*sink vertically down 
at night. 

Phaseolm vuh,-aris (Tribe 8). — The leaflets likewise sink verti- 
cally down at night. In the greenhouse the petiole of a young 
leaf rose 16°, and that of an older leaf 10° at night. With 
plants growing out of doors the leaflets apparently do not sleep 
until somewhat late in the season, for on the nights of July 11th 
and 12th none of them were asleep; whereas on the night of 
August 15th the same plants had most of their leaflets verti- 
cally dependent and asleep. With Ph. caracaHa and Hernan- 
dcsii, the primary unifoliate leaves and the leaflets of the 
secondary trifoliate leaves sink vertically down at night. This 
holds good with the secondary trifohate leaves of Ph. Box- 
hurghii, but it is remarkable that the primary unifoliate leaves, 
which are much elongated, rise at night from about 20° to 
about 60° above the horizon. With older seedlings, however, 
having the secondary leaves just developed, the primary leaves 
stand in the middle of the day horizontally, or are deflected 
a little beneath the horizon. In one such case the primary 
leaves rose from 26° beneath the horizon at noon, to 20° alxive 
it at 10 r.M.; whilst at this same hour the leaflets of the 
secondary leaves were vertically dependent. Here, then, we 
have the extraordinary case of the primary and secondary 
leaves on the same plant moving at the same time in opposite 
du-ections. 

We have now seen that the leaflets in the six genera of Pha- 
seolcDB observed by us (with the exception of the primary leaves 
of Pha^eolus Boxhm/hii) all sleep in the same manner, namely, 
by sinking vertically down. The movements of the petioles 
were observed in only three of these genera. They rose in 
Centrosema and Phaseolus, and sunk in Amphicarpaa. 

Sopkora chrysophyna (Tribe 10).— The leaflets rise at night, 
and are at the same time directed towards the apex of the leaf, 
as in Mimosa pttdica. 

Ccesaipinia, Ihi-mntoxylon, Oh-ditschia, Poinciuna. — The leaflets 
of two species of Csesalpinia (Trite 13) rose at night. With 
Hatmatoxylon Campechianum (Tribe 13) the leaflets move for- 
wards at night, so that their midribs stand parallel to the 
petiole, and their now vertical lower surfaces are turned out- 
wards (Fig. 153). The petiole sinks a little. In Ghditschia, if 
we imdcrstand correctly Duchartre’s description, and in Poin- 
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ciana Gilliesu (both belonging to Tribe 13), the leaves behave 
in the same manner. 

Fig. 153. 




Caxsia (Tribe 14). — The nyctitropic movements oT the leaves 
in many species in tliis genus are closely alike, and are highly 
complex. They were first briefly described by Linnasus, and since 
by Duchartre. Our observations were made chiefly on C.Jlori- 
hunda * and corymhosa, but several other species were casually 
observed. The horizontally extended leaflets sink down verti- 
cally at night ; but not simply, as in so many other genera, for 
each leaflet rotates on its own axis, so that its lower surface 
faces outwards. The upper surfaces of the opposite leaflets are 
thus brought into contact with one another beneath the petiole, 
and are well protected (Fig. 154). The rotation and other move- 
ments are efiected by means of a wcll-develoijed pulvinus at the 
base of each leaflet, as could be plainly seen when a straight 
narrow black lino had been painted along it during the day. 
The two terminal leaflets in the daytime include rather less than 
a right angle : but their divergence increases greatly whilst they 



* I am informed by Mr. Dyer 
that Mr. Bentham believes that 
C. fiorihundi (a common green- 
houBC bush) is a hybrid raiseil in 
France, and that it comes very 



near to C. Iwvigat'i. It is no doubt 
the same as the form described by 
Lindley (‘ Bot. Reg.,’ Tab. 1422) 
as C. JUerbertiana. 
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sink downwards and rotate, so that they stand laterally at night, 
as may be seen in the figure. Moreover, they move somewhat 
backwards, so as to point towards the base of the petiole. 




Fig. 154. 



Cassia corynibosa: A, plant during day ; B, same pl.ant at night. 

Both figures copied from photographs. 

In one instance we found that the midrib of a terminal 
leaflet formed at night an angle of 36°, with a line dropped 
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perpendicularly from the end of the petiole. The second pair 
of leaflets likewise moves a little backwards, but less than the 
terminal pair; and the third pair moves vertically downwards, 
or even a little forwards. Thus all the leaflets, in those species 
wliich bear only 3 or 4 paii-s, tend to form a single packet, with 
their upper surfaces in contact, and their lower surfaces turned 
outwards. Lastly, the main petiole rises at night, but witli 
leaves of difierent ages to very different degrees, namely, some 
rose through an angle of only 12°, and others as much as 41°. 

Cama caniantha— The leaves bear a large number of leaflets, 
which move at night in nearly the same manner as just 
described; but the petioles apparently do not rise, and one 
which was carefully observed certainly fell 3°. 

Cassia pubescens. — The chief difference in the nyctitropio 



Fig. 155. 




Cassia pubescens: A, upper part of plant during the day ; B, same plant 
at night. Figures reduced from photographs. 



movements of this species, compared with those of the former 
species, consists in the leaflets not rotating nearly so much; 
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therefore their lower surfaces face but little outwards at night. 
The petioles, which during the day arc inclined only a little 
above the horizon, rise at night in a remarkable manner, and 
stand nearly or quite vertically. This, together with the 
dependent position of the leaflets, makes the whole plant won- 
derfully compact at night. In the two foregoing figures, copied 
from photographs, the same plant is represented awake and 
asleep (Fig. 155), and we see how different is its appearance. 

Cassia mimosuicles.—At night the numerous leaflets on each 
leaf rotate on their axes, and their tips move towards the apex 
of the leaf; they thus become imbricated with their lower 
surfaces directed upwards, and with their midribs almost 
parallel to the petiole. Consequently, this species differs from 
all the others seen by us, with the exception of the following 
one, in the leaflets not sinking down at night. A petiole, the 
movement of which was measured, rose 8° at night. 

Cassia Bardayana. — The leaflets of this Australian species are 
numerous, very narrow, and almost linear. At night they ri$e up 
a little, and also move towards the apex of the leaf. For instance, 
two opposite leaflets which diverged from one another during 
the day at an angle of 104°, diverged at night only 72° ; so that 
each had risen 16° above its diurnal position. The petiole of a 
young leaf rose at night 54°, and that of an older leaf 19°. 
Owing to the slight movement of the leaflets and the consider- 
able movement of the petiole, the bush presents a different 
appearance at night to what it does by day; yet the leaves can 
hardly be said to sleep. 

The cii-cumuutating movements of the leaves of U.florihunda, 
cMliantha, and puhescens were observed, each during three or four 
days; they were essentially alike, those of the last-named species 
being the simplest. The petiole of C. florUmnda was secured to 
a stick at the base of the two terminal leaflets, and a filament 
was fixed along the midrib of one of them. Its movements were 
traced from 1p.m. on August 13th to 8.30 a.m. 17th; but those 
during the last 2 h. are alone given in Fig. 156. From 8 am on 
each day (by which hour the leaf had assumed its diurnal posi- 
tion) to 2 or 3 P.M., It either zigzagged or circumnutated over 
nearly the same small space; at between 2 and 3 p.m. the great 
evening fall commenced. The lines representing this fall and 
the early morning rise are oblique, owing to the peculiar manner 
in which the leaflets sleep, as already described. After the 
leaflet was asleep at 6 p.m., and whilst the glass filament hung 
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perpenHcularly down, the movement of its apex was traced 
until 10.30 p.M. ; and during this whole time it swayed from 
side to side, completing more than one ellipse. 

Bauhinia (Tribe 15). — Fig. 15S 

The nyctitropic movements 
of four species were alike, 
and were highly peculiar. 

A plant raised from seed 
sent us from South Brazil 
by Fritz Muller, was more 
especially observed. The 
leaves are large and deeply 
notched at their ends. At 
night the two halves rise 
up and close completely 
together, like the opposite 
leaflets of many Legumi- 
nosae. With very young 
plants the petioles rise con- 
siderably at the same time ; 
one, which was inclined at 
noon 45° above the hori- 
zon, at night stood at 75° ; 
it thus ro.se 30°; another 
rose 34°. Whilst the two 
halves of the leaf are closing, 
the midrib at first sinks 
vertically downwards and 
afterwards Ixjnds back- 
wards, so as to pass close ^ 

along one side of its own 
upwardly inclined petiole; / ^ 

the midrib being thus di- 
rected towards the stem or ,■ ^ 
axis of the plant. The angle / 
which the midrib formed ■/ 
with the horizon was mea- ' J 

sured in ono*case at dif- ‘ 

ferent hours: at noon it stood horizontally; late in the even- 
ing it depended vertically; then rose to the opposite side, and 
at 10.15 p.M. stood at only 27° beneath the horizon, being 
directed towards the stem. It Inul thus travelled through 153°. 



S. 



eII 
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Owing to tins movement— to the leaves being folded— and to 
the petioles rising, the whole plant is as much more compact at 
night than during the day, as a fastigiate Lombardy poplar is 
compared with any other species of poplar. It is remarkable 
that when our plants had grown a little older, viz., to a height 
of 2 or 3 feet, the petioles did not rise at night, and the midribs 
of the folded leaves were no longer bent back along one side of 
the petiole. We have noticed in some other genera that the 
])etioles of very young plants rise much more at night than do 
those of older plants. 

Tamarindus Indica (Tribe 16).— The leaflets approach or 
meet each other at night, and are all directed towards the apex 
of the leaf. They thus become imbricated with their midribs 
parallel to the petiole. The movement is closely similar to 
that of Hsematoxylon (see former Fig. 153), but more striking 
from the greater number of the leaflets. 

Adenanthera, Prosopis, and Neptunia (Tribe 20).— With Ade- 
nanthera pavonia the leaflets turn edgeways and sink at night. 
In Prowpis they tuni upwards. With Neptunia oleracea the 
leaflets on the opposite sides of the same pinna come into 
contact at night and are directed forwai-ds. The pinnte them- 
selves move downwards, and at the same time backwards or 
towards the stem of the plant. The main petiole rises. 

Mimosa pudica (Tribe 20).— This plant has been the subject of 
innumerable observations; but there are some points in rela- 
tion to our subject which have not been sufficiently attended 
to. At night, as is well known, the opposite leaflets come into 
contact and point towards the apex of the leaf; they thus be- 
come neatly imbricated with their upper surfaces protected. The 
four pinnse also approach each other closely, and the whole leaf 
is thus rendered very compact. The main petiole sinks down- 
wards during the day till late in the evening, and rises until 
very early in the morning. The stem is continually circumnu- 
tating at a rapid rate, though not to a wide extent. Some very 
young plants, kept in darkness, were observed during two days, 

and although subjected to a rather low temperature of 57° 59° F., 

the stem of one described four small ellipses in the course of 
12 h. We shall immediately see that the mainT)etiole is like- 
wise continually circumnutating, as is each separate pinna and 
each separate leaflet. Therefore, if the movement of the apex 
of any one leaflet were to he traced, the eoui-se described would 
be compounded of the movements of four separate parts. 
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A filament had been fixed on the previous evei Jng, longi- 
tudinally to the main petiole of a nearly full-grown, highly- 
sensmve leaf (four inches in length), the stem having been 
secured to a stick at its base ; and a tracing was made on a 
vertical glass in the hot-house imder a high temperatiu-e. In 
the figure given (Fig. 157), the 



first dot was made at 8.30 a.m. 
August 2nd, and the last at 7 
P.st. on the 3rd. During 12 h. on 
the first day the petiole moved 
thiice downwards and twice 
upwards. Within the same 
length of time on the second 
day, it moved five times down- 
wards and four times upwards. 
As the ascending and descend- 
ing lines do not coineide, the 
petiole manifestly circumnu- 
tates; the great evening fall 
and nocturnal rise being an 
exaggeration of one of the cir- 
eunmutatious. It should, how- 
ever, be observed that the pe- 
tiole fell much lower down in 
the evenings than could be 
seen on the vertical glass or is 
represented in the diagram. 
After 7 r.si. on the 3rd (when 
the last dot in Fig. 157 was 
made) the pot was carried into 
a bed-room, and the petiole was 
found at 12.50 a.si. (i.e. after 
midnight) standing almost up- 
right, and much more highly 
inclined than it was at 10.40 
p.M. When ol)served again at 
4 A.M. it had begun to fall, and 
continued falling till 6.15 a.m., 



Kig. 157 




JUimosa pudka ; circuninutation and 
nyctitropic movement uf main pe- 
tiole, traced during 34 h. .30 m. 



after which hour it zigzagged and again circummifated. Similar 
observations were made on another petiole, with nearly the 
same result. 

On two other occasions the movement of the main petiole 
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was observed every two or three minutes, the plants being kept 
at a rather high temperature, viz., on the first occasion at 
77o_i;il= F., and the filament then described 21 ellipses in 69 m. 
On the second occasion, when the temperature was 81° — 86° F., 
it made rather more than 3 ellipses iu 67 m. Therefore, 
Fig. 157, though now sufficiently complex, would have been in- 
comparably more so, if dots had been made on the glass every 
2 or 3 minutes, instead of every hour or half-hour. Althougli 
the main petiole is continually and rapidly describing small 
ellipses during the day, yet after the great nocturnal rising 
movement has commenced, if dots are made every 2 or 3 
minutes, as was done for an hour l>etween 9.30 and 10.30 p.m. 
(temp. 84° F.), and the dots are then joined, an almost abso- 
lutely straight line is the result. 

To show that the movement of the petiole is in all proba- 
bility due to the varying turgescence of the pulvinus, and not 
to growth (in accordance with the conclusions of Pfeffer), a very 
old leaf, with some of its leaflets yellowish and hardly at all 
sensitive, was selected for observation, and the plant was kept 
at the highly favourable temp, of 80° F. The petiole fell from 
8 A.M. till 10.15 A.M., it then rose a little in a somewhat zigzag 
line, often remaining stationary, till 5 p.m., when the great 
evening fall commenced, which was continued till at least 
10 p.m. By 7 A.M. on the following morning it had risen to the 
same level as on the previous morning, and then descended in 
a zigzag line. But from 10.30 a.m. till 4.15 p.m. it remained 
almost motionless, aU power of movement being now lost. The 
petiole, therefore, of this very old leaf, which must have long 
ceased growing, moved periodically ; but instead of circum- 
nutating several times during the day, it moved only twice 
down and twice up in the course of 24 h., with the ascending 
and descending lines not coincident. 

It has already teen stated that the pinnaj move independently 
of the main petiole. The petiole of a leaf was fixed to a cork 
support, elose to the point whence the four pinnas diverge, with 
a short fine filament cemented longitudinally to one of the two 
terminal pinuic, and a graduated semicircle was placed close 
beneath it. By looking vertically down, its angular or lateral 
movements could be measured with accuracy. Between noon 
and 4.15 r m. the pinna changed its position to one side by only 
7°; but not continuously in the same direction, as it moved 
four times to one side, and tliree times to the opposite side. 
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in one instance to the extent of 1G°. This pinna, therefore, 
circumnutatecl. Later in the evening the four pinnse approach 
each other, and the one which was observed moved inwards 
5D° lietween noon and 6.45 p.m. Ton observations were made 
in the course of 2 h. 20 m. (at average intervals of 14 m.), 
between 4.25 and 6.45 p.m. ; and there was now, when the leaf 
was going to sleep, no swaying from side to side, but a steady 
inward movement. Here therefore there is in the evening the 
same conversion of a circuranutatiug into a steady movement 
in one direction, as in the case of the main petiole. 

It has also been stated that each separate leaflet circum- 
nutates. A pinna was cemented with shellac on the summit of 
a little stick driven firmly into the ground, immediately beneath 
a pair of leaflets, to the midribs of both of which e.xcessively 
fine glass filaments were attached. This treatment did not 
injure the leaflets, for they went to sleep in the usual manner, 
and long retained their sensitiveness. The movements of one 
of them were traced during 49 h., as shown in Fig. 158. On the 
first day the leaflet sank down till 11.30 a.m., and then rose 
till late in the evening in a zigzag line, indicating circum- 
nutation. On the second day, when more accustonied to its 
new state, it oscillated twice up and twice down during the 
24 h. This plant was subjected to a rather low temperature, 
viz., 62° — 64° F. ; had it been kept warmer, no doubt the move- 
ments of the leaflet would liave been much more rapid and 
complicated. It may be seen in the diagram that the ascending 
and descending lines do not coineidc ; but the large amount of 
lateral movement in the evening is the result of the leaflets 
bending towards the apex of the leaf when going to sleep. 
Another leaflet was casually observed, and found to be con- 
tinually circumuutating during the same length of time. 

The cii-eumnutation of the leaves is not destroyed by their 
being subjected to moderately long continued darkness ; but the 
proper periodicity of their movements is lost. Some very young 
seedlings were kept during two days in the dark (temp. 57° — 59° 
F.), except when the circumnutatiou of their stems w'as occa- 
sionally observed ; and on the evening of the second day the 
leaflets did not fully and properly go to sleep. The pot was 
then placed for three days in a dark cupboard, under nearly the 
same temperature, and at the elose of this period the leaflets 
showed no signs of sleeping, and were only slightly sensitive to 
a touch. On the following day the stem was eemented to a 
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stick, and the movements of two leaves were traced on a vertical 
glass dnring 72 h. The plants were still kept in the dark, ex- 
cepting that at each observation, which lasted 3 or 4 minutes. 



Fig. 158. 
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although the proper order of their movements in relation to tlio 
day and night was wholly lost. Thus, one leaf descended during 
the fu'st two nights (i.e. between 10 p.m. and 7 a.m. nest morn- 
ing) instead of ascending, and on the third night it moved 
chiefly in a lateral direction. The second leaf behaved in an 
equally abnormal manner, moving laterally during the first 
night, descending greatly during the second, and ascending to 
an unusual height during the third night. 

With plants kept at a high temperature and exposed to the 
light, the most rapid circumnutating movement of the apes 
of a leaf which was observed, amounted to of an inch in 
one second ; and this would have equalled i of an inch in a 
minute, had not the leaf occasionally stood still. The actual 
distance travelled by the apex (as ascertained by a measure 
placed close to the leaf) was on one occasion nearly f of an inch 
in a vertical direction in 15 m. ; and on another occasion ® of an 
inch in GO m. ; but there was also some lateral movement. 

Mimosa albida.*— The leaves of this plant, one of which is here 
figured (Fig. 159) reduced to | of the natural size, present some 



Fig. 169. 




interesting peculiarities. It consists of a long petiole bearing 
only two pinn® (here represented as rather more divergent 
than IS usual), each with two pairs of leaflets. But the inner 



* Mr. Tliistleton Dyer informs 
us that this Peruvian plant f which 
was sent to us from Kew) is con- 
oidereU by Mr. Bentham (‘ Trans. 



Linn. Soc.,’ vol. xxx. p. 390) to 
bu “ the species or variety which 
most commonly represents the Jf. 
seTisitlva of our gaiilens." 
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basal leaflets are greatly reduced in size, owdng probably to the 
want of space for their full development, so that they may be 
considered as almost rudimentary. They vary somewhat in 
size, and both occasionally disappear, or only one. Neverthe- 
less, they are not in the least rudimentary in function, for they 
are sensitive, extremely heliotropic, circumnutate at nearly the 
same rate as the fully developed leaflets, and assume when 
asleep exactly the same iMsition. With M. pvdica the inner 
leaflets at the base and between the pinn® are likewise much 
shortened and obliquely truncated ; this fact was well seen in 
some seedlings of M. pudka, in which the third leaf above the 
eotyledons bore only two pinnse, each with only 3 or 4 pairs of 
leaflets, of which the inner basal one was less than half as long 
as its fellow; so that the whole leaf resembled pretty closely 
that of M. alhida. In this latter species the main iietiole termi- 
nates in a little point, and on each side of this there is a pair 
of minute, flattened, lancet-shaped projections, hairy on their 
margins, which drop off and disappear soon after the leaf is 
fully developed. There can hardly be a doubt that these little 
projections are the last and fugacious representatives of an 
additional pair of leaflets to each pinna; for the outer one is 
twice as broad as the inner one, and a little longer, viz. of an 
inch, whilst the inner one is only long. Now if the basal 
pair of leaflets of the existing leaves were to become rudimen- 
tary, we should expect that the rudiments would still exhibit 
some trace of their present great inequality of size. The con- 
clusion that the pinnm of the parent-form of M. alhida possessed 
at least three pairs of leaflets, instead of, as at present, only two, 
is supported by the structure of the first true leaf; for this 
consists of a simple petiole, often bearing three pairs of leaflets. 
This latter fact, as well as the presence of the rudiments, both 
lead to the conclusion that M. alhida is descended from a form 
the leaves of which bore more than two pairs of leaflets. The 
second leaf above the cotyledons resembles in all respects the 
leaves on fully developed plants. 

When the leaves go to sleep, each leaflet twists half round, 
so as to present its edge to the zenith, and comes into close 
contact with its fellow. The pinnse also approach each other 
closely, so that the four terminal leaflets come together. The 
large basal leaflets (with the little rudimentary ones in contact 
with them) move inwards and forwards, so as to embrace the 
outside of the united terminal leaflets, and thus all eight leaflets 
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(the rudimentary ones included) form together a single vertical 
packet. The two pinnce at the same time that they approach 
each other sink downwards, and thus instead of extending hori- 
zontally in the same line with the main petiole, as during the 
day, they depend at night at about 45°, or even at a greater 
angle, beneath the horizon. The movement of the main petiole 
seems to be variable ; we have seen it in the evening 27° lower 
than during the day ; but sometimes in nearly the same position. 
Nevertheless, a sinking movement in the evening and a rising 
one during the night is probably the normal course, for this 
was well-marked in the petiole of the first-formed true leaf. 

The circumiiutation of the main petiole of a young leaf was 
traced during 23 days, and was considerable in extent, but less 
complex than that of il/. pudica. The movement wa.s much 
more lateral than is usual with circumnutating leaves, and this 
was the sole peculiarity which it presented. The apex of 
one of the terminal leaflets was seen under the microscope to 
travel ^ of an inch in 3 minutes. 

Mimosa marginala.—The opposite leaflets rise upaml approach 
each other at night, but do not come into close contact, except in 
the case of very young leaflets on vigorous shoots. Full-grown 
leaflets circumnutate during the day slowly and on a small scale. 

Schraukia uncinata (Tribe 20). — A leaf consists of two or three 
pairs of pinnse, each bearing many small leaflets. These, when 
the plant is asleep, are directed forwards and become imbricated. 
The angle lx;tween the two terminal pinnas was diminished at 
night, in one case by 15° ; and they sank almost vertically down- 
wards. The hinder pairs of pinnae likewise sink downwards, 
but do not convorge, that is, move towards the apex of the leaf. 
The main petiole does not become depressed, at least during the 
evening. In this latter respect, as well as in the sinking of the 
pinnae, there is a marked diflerence between the nyctitropic 
movements of the present plant and of Mimosa pudica. It 
should, however, be added that our specimen was not in a very 
vigorous condition. The pinnae of Uchrankia aculeata also sink 
at night. 

Macia Farmsiana (Tribe 22).— The different appearance i)re- 
sented by a bush of this plant when asleep and awake is won- 
derful. The same leaf in the two states is shown in the following 
figure (Fig. IGO). The leaflets move towards the apex of the 
pinna and become iml.ricatcd, and the pinnae then look like bits 
of dangling string. The following remarks and measurements 
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do not fully apply to the small leaf here figured. The pinme 
move forwards and at the same time sink downwards, whilst 
the main petiole rises considerably. With respect to the degree 
of movement : the two terminal pinme of one specimen formed 
together an angle of 100° during the day, and at night of only 
38°, so each had moved 31° forwards. The penultimate pinn® 
during the day formed together an angle of 180°, that is, they 
stood in a straight line opposite one another, and at night each 
had moved 65° forn'ards. The basal pair of pinnmwere directed 




during the day, each about 21° backwards, and at night 35“ 
forwards, so each had moved 69° forwards. But the pinnm at 
the same time sink greatly, and sometimes hang almost perpen- 
dicularly downwards. The main petiole, on the other hand 
rises much: by 8.30 p.m. one stood 31° higher than at noon’ 
and by 6.40 a.m. on the following morning it was still higher 
by 10°; shortly after this hour the diurnal sinking move- 
ment commenced. The course of a nearly full-grown leaf was 
traced during 14 h ; it was strongly zigzag, and apparently 
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represented five ellipses, with their longer axes dififerently 
directed. 

Albizzia Jophantha (Tribe 23).— The leaflets at night come into 
contact with one another, and are directed towards the apex of 
the pinna. The pinnte approach one another, but remain in the 
same plane as dui'ing the day ; and in this respect they differ 
much from those of the above Schrankia and Acacia. The main 
petiole rises but little. The lirst-formed leaf above tlie coty- 
ledons bore 11 leaflets on each side, and the.se slept like those 
on the subsequently formed leaves ; but the petiole of tliis fir.st 
leaf was curved downwards during the day and at night 
straightened itself, so that the chord of its arc then stood 16° 
higher than in the day-time. 

Melaleuca ericatfolia (Myrtaceffi). — According to Bouche (‘ Bot. 
Zeit.,’ 1874, p. 359) the leaves sleep at night, in nearly the same 
manner as those of certain species of Pimelia. 

U'Jnoihera mollissima (Onagrariefe).— According to Linnseus 
(‘ Somnus Plantarum ’), the leaves rise up vertically at night. 

Passifiora gracilis (Passifloracse). — The young leaves sleep by 
their blades hanging vertically downwards, and the whole length 
of the petiole then becomes somewhat curved do'wnwards. 
Externally no trace of a pulvinus can be seen. The petiole of 
the uppermost leaf on a young shoot stood at 10.45 a.m. at 33° 
above the horizon ; and at 10.30 P.M., when the blade was verti- 
cally dependent, at only 15°, so the petiole had fallen 18°. That 
of the next older leaf fell only 7°. From some unknown cause 
the leaves do not always sleep properly. The stem of a plant, 
which had stood for some time before a north-east window, was 
secured to a stick at the base of a young leaf, the blade of 
which was inclined at 40° below the horizon. From its jwsition 
the leaf had to be viewed obliquely, consequently the vertically 
ascending and descending movements appeared when traced 
oblique. On the first day (Oct. 12th) the leaf descended in a 
zigzag line, until late in the evening ; and by 8.15 a.m. on the 
13th had risen to nearly the same level as on the previous 
morning. A new tracing was now begun (Fig. 161). The 
leaf continued to rise until 8.50 a.m., then moved a little to the 
right, and afterwards descended. Between 11 a.m. and 5 p.m. it 
circumnutated, and after the latter hour the great nocturnal 
fall commenced. At 7.15 p.m. it depended vertically. T'le 
dotted line ought to have been prolonged much lower down in 
the figure. By 6.50 a.m. on the following morning (14th) the 
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leaf had risen greatly, and continued to rise till 7.50 a.m., after 
which hour it redescended. It should be observed that the lines 
traced on this second morning would have coincided with and 
confused those previously traced, had not the pot been slided 
a very little to the left. In the evening (Hth) a mark was 
placed behind the filament attached to the apex of the leaf, and 
its , movement was carefully traced from 5 p.m. to 10.15 p.m. 



Fig. 161. 




Passtfiora gracilis; circiimnutation and nyctitropic movement of leaf, 
tr.-iced on vertic.il glass, from 8.20 a.m. Oct. 13th to 10 A.M. 14th 
Figure reduced to two-thirds of original scale. 

Between 5 and 7.15 p.m. the leaf descended in a straight line, 
and at the latter hour it appeared vertically dependent. But 
between 7.15 and 10.15 p.m. the line consisted of a succession 
of steps, the cause of which we could not understand ; it was, 
however, manifest that the movement was no longer a simple 
descending one. 

Siigesbecha orieiitalis (Composite). — Some seedlings were 
raised in the middle of winter and kept in the hot-house ; they 
flowered, but did not grow welt, and their leaves never showed 
any signs of sleep. The leaves on other seedlings raised in May 
were horizontal at noon (June 22nd), and depended at a consi- 



© The Complete Work of Charles Darwin Online 



Chap. VII. 



SLEEP OF LEAVES. 



385 



derable angle beneath the horizon at 10 p.m. In the case of four 
youngish leaves, which were from 2 to 2.J inches in length, 
these angles were found to be 50°, 56°, 60°, and 65°. At the 
end of August, when the plants had grown to a height of 10 to 11 
inches, the younger leaves were so much curved downwards at 
night that they might truly be said to be asleep. This is one 



Fig. 162. 




of the species which must bo well illuminated during the day 
in order to sleep, for on two occasions when plants were kept 
all day in a room with north-east windows, the leaves did not 
sleep at night. The same cause probably accounts for the 
leaves on our seedlings raised in the dead of the winter not 
sleeping. Professor Pfefifer informs us that the leaves of 
another species (S. Jorulhnsis 7) hang vertically down at night. 
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Ij omoea cceruha a.nd purpurea (ConvolvulacesB). —The leaves on 
very young plants^ a foot or two in height, are depressed at night 
to between 68° and 80° 
beneath the horizon; 
and some hang quite 
vertically downwards. 
On the following morn- 
ing they again rise into 
a horizontal position. 
The petioles become 
at night downwardly 
curved, cither through 
their entire length or in 
the upi«r part alone; 
and this apparently 
causes the depression 
of the blade. It seems 
necessary that the 
leaves should be well 
illuminated during the 
day in order to sleep, 
for those which stood 
on the back of a plant 
before a north-east 
window did not sleep. 

Xicotiana idbacum 
(var. Virginian) and 
gJauca (Solanese).— The 
young leaves of both 
these species sleep by 
bendinh vertically up- 
wards. Figures of two 

awake and asleep (Fig! 
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have their longer axes differently directed from the cells of the 
parenchyma, and may therefore be considered as forming a sort 
of pulvinus. A young plant of N. tabacum was selected, and 
the circumnutation of the fifth leaf above the cotyledons was 
observed during three days. On the first morning (July 10th) 
the leaf fell from 9 to 10 a.m., which is its noi-mal course, but 
rose during the remainder of the day ; and this no doubt was 
due to its being illuminated exclusively from above; for properly 
the evening rise does not commence until 3 or 4 p.m. In the 
figure as given on p. 386 (Fig. 163) the first dot was made at 
3 P.M. ; and the tracing was continued for the following 65 h. 
W'lien the leaf pointed to the dot next above that marked 3 p.m., 
it stood horizontally. The tracing is remarkable only from its 
simplicity and the straightness of the lines. The leaf each day 
described a single gi'eat ellipse; for it should be observed that 
the ascending and descending lines do not coincide. On the 
evening of the 11th the leaf did not descend quite so low as 
usual, and it now zigzagged a little. The diurnal sinking move- 
ment had already commenced each morning by 7 a.m. The broken 
lines at the top of the figure, representing the nocturnal vertical 
position of the leaf, ought to be prolonged much higher up. 

MirabiUs longiftora and jalapa (Kyctaginem).— The 'first pair 
of leaves above the cotyledons, produced by seedlings of both 
these species, were considerably divergent during the day, and 
at night stood up vertically in close contact with one another. 
The two upper leaves on an older seedling were almost horizontal 
by day, and at night stood up vertically, but were not in close 
contact, OMung to the resistance offered by the central bud. 

Polygmum aviculare (Polygonese).— Professor Batalin informs 
us that the young leaves rise up vertically at night. This is 
likewise the case, according to Linnaeus, with several species 
of Amaranthus (Amaranthacese) ; and we observed asleep move- 
ment of this kind in one member of the genus. Again, with 
Chenopodium album, (Chenopodiere), the upper young leaves of 
some seedlings, about 4 inches in height, were horizontal or 
sub-horizontal during the day, and at 10 p.m. on March 7th 
were quite, or almost quite, vertical. Other seedlings raised in 
the greenhouse during the winter (Jan. 28th) were observed day 
and night, and no difference could be perceived in the position 
of their leaves. According to Bouche (‘ Bot. Zeitung,’ 1874, 
p. 359 ) the leaves of Pim- Ua Unoides and spectabilis (Thymelem) 
sleep at night. 
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Euphorbia jacquiuixflora (Euphorbiacese). — Mr. Lynch 
called our attention to the fact that the young leaves of this 
plant sleep by depending vertically. The third leaf from the 
summit (March 11th) was inclined during the day 30° beneath 
the horizon, and at night hung vertically down, as did some of 
the still younger leaves. It rose up to its former level on the 
following morning. The fourth and fifth leaves from the summit 
stood horizontally during the day, and sank down at night only 
38°. The sixth leaf did not sensibly alter its position. The 
sinking movement is due to the downward curvature of the 
petiole, no part of which exhibits any structure like that of 
a pulvinus. Early on the morning of June 7th a filament was 
fixed longitudinally to a young leaf (the third from the summit, 
and inches in length), and its movements were traced on 
a vertical glass during 72 h., the plant being illuminated from 
above through a skylight. Each day the leaf fell in a nearly 
straight line from 7 a.m. to 5 p.m., after which hour it was so 
much inclined downwards that the movement could no longer 
be traced ; and during the latter part of each night, or early in 
the morning, the leaf rose. It therefore circumnutated in a 
very simple manner, making a single largo ellipse every 24 h., 
for the ascending and descending lines did not coincide. On 
each successive morning it stood at a less height than on the 
previous one, and this was probably due, partly to the increasing 
age of the leaf, and partly to the illumination being insufiScient ; 
for although the leaves are very slightly heliotropic, yet, accord- 
ing to Mr. Lynch's and our own observations, their inclination 
during the day is determined by the intensity of the light. On 
the third day, by which time the extent of the descending 
movement had much decreased, the line traced was plainly 
much more zigzag than on any previous day, and it appeared 
as if some of its powers of movement were thus expended. At 
10 P.M. on June 7th, ■when the leaf depended vertically, its move- 
ments were observed by a mark being placed behind it, and the 
end of the attached filament was seen to oscillate slowly and 
slightly from side to side, as well as upw'arcls and downwards. 

Fhyllanthus Eiruri (Euphorbiacem). — The leaflets of this 
plant sleep, as described by Pfefifer,* in a remarkable manner, 
apparently like those of Cassia, for they sink downwards at 
night and twist round, so that their lower surfaces are turned 



♦ ‘ Die Period. Beweg.,’ p. 159. 
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outwards. They are furnished, as might have been expected 
from tliis complex kind of movement, with a pulvinus. 



Gymnosperms. 

Pinus Nordmanniaua (Conifer®).— M. Chatin states * that the 
leaves, which are horizontal during the day, rise up at night, so 
a< to assume a position almost peri>endicular to the branch from 
which they arise ; we presume that he here refers to a horizontal 
branch. He adds : “ En meme temps, ce mouvement d’erection 
cst accompagne' d’un mouvement do torsion imprime a la partie 
basilaire de la feuille, et pouvant souvent parcourir un arc de 
90 degres.” As the lower surfaces of the leaves are white, 
whilst the upper are dark green, the tree presents a widely 
different appearance by day and night. The leaves on a small 
tree in a pot did not exhibit wdth us any nyctitropic move- 
ments. We have seen in a former chapter that the leaves of 
Pinus pinaster and Austriaca are continually circumnutating. 



Monocotyledons. 

Thalia dealbata (Cannace®). — The leaves of this plant sleep 
by turning vertically upwards ; they are furnished with a well- 
developed pulvinus. It is the only instance known to us of 
a very large leaf sleeping. The blade of a young leaf, which 
was as yet only 131 inches in length and 65 in breadth, formed 
at noon an angle with its tall petiole of 121°, and at night stood 
vertically in a line with it, and so had risen 59°. The actual 
distance travelled by the apex (as measured by an orthogonic 
tracing) of another large leaf, between 7.30 a.m. and 10 p.m., was 
101 inches. The circumnutation of two young and dwarfed 
leaves, arising amongst the taller leaves at the base of the plant, 
was traced on a vertical glass during two days. On the first day 
the apex of one, and on the second day the apex of the other leaf, 
described between 6.40 a.m. and 4 pm. two ellipses, the longer 
axes of which were extended in very different directions from the 
lines representing the great diurnal sinking and nocturnal rising 
movement. 

■Maranta arundinarea (Cannace®). — The blades of the leaves, 
which are furnished with a pulvinus, stand horizontally during 



• ‘ Comptes Rendus,’ Jan. 1876, p. 171. 
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the day or between 10° and 20° aboTe the horizon, and at night 
vertically upwards. They therefore rise between 70° and 90° at 
night. The plant was placed at noon in the dark in the hot- 
house, and on the following day the movements of the leaves 
were traced. Between 8.40 and 10 30 a.m. they rose, and then 
fell grealhj till 1.37 p.m. But by 3 p.m. they had again risen a 
little, and continued to rise during the rest of the afternoon and 
night ; on the following morning they stood at the same level as 
on^the previous day. Darkness, therefore, during a day and a 
half does not interfere with the periodicity of their movements. 
On a warm but stormy evening, the plant whilst lining brought 
into the house, had its leaves violently shaken, and at night not 
one went to sleep. On the next morning the plant was taken 
back to the hot-house, and again at night the leaves did not 
sleep; but on the ensuing night they rose in the usual manner 
between 70° and 80°. This fact is analogous with what we 
have observed with climbing plants, namely, that much agitation 
checks for a time their jxiwer of circumnutation ; but the effect 
in this instance was much more strongly marked and prolonged. 

Colocasia antiquomm {Caladium tscuhnlum, Hort.) (Aroidese). 
—The leaves of this plant sleep by their blades sinking in the 
evening, so as to stand highly inclined, or even quite vertically 
with their tips pointing to the ground. They are not provided 
with a pulvinns. The blade of one stood at noon 1° beneath the 
horizon; at 4.2 ) P.M., 20° ; at 6 p.m., 43° ; at 7.20 pm., 69°; andat 
8.30 P.M., 68° ; so it had now begun to rise ; at 10.15 p.m. it stood 
at 65°, and on the following early morning at 11° beneath the 
horizon. The circumnutation of another young leaf (with its 
petiole only 31 inches, and the blade 4 inches in length), was 
traced on a* vertical glass during 48 h. ; it was dimly illuminated 
through a skylight, and this seemed to disturb the proper perio- 
dicity of its movements. Nevertheless, the leaf fell greally 
during both afternoons, till either 7.10 pm. or 9 p..m., when it 
rose a little and moved laterally. By an early hour on both 
mornings, it had assumed its diurnal position. The well-mart ed 
lateral movement for a short time in the early part of the night, 
was the only interesting fact which it presented, as this caused 
the ascending and descending lines not to coincide, in accord- 
ance with the general rule with circumnutating organs. The 
movements of the leaves of this plant are thus of the most 
simple kind; and the tracing is not worth giving. We have 
seen that in another genus of the Aroidese, namely, Pistia, the 
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leaves rise so much at night that they may almost be said to 
sleep. 

StrepUiim, floribundum* (Graminese). — The oval leaves are 
provided with a pulvinus, and are extended horizontally or 
declined a little beneath the horizon during the day. Those 
on the upright culms simply rise up vertically at night, so 
that their tips are. directed towards the zenith. (Fig. 164.) 



Fig 16+. 




Strephium floribundum: culms with leaves during the day, and when asleep 
at night. Figures reduced. 

florizontally extended leaves arising from much inclined or 
almost horizontal culms, move at night so that their tips 
point towards the apex of the culm, with one lateral margin 
directed towards the zenith; and in order to assume this 
position the leaves have to twist on their own axes through an 
angle of nearly 90°. Thus the surface of the blade always stands 
vertically, whatever may be the position of the midrib or of the 
leaf as a whole. 

The circumnutation of a young loaf (2 -3 inches in length) was 
traced during 48 h. (Fig. 165). The movement was remarkably 
simple; the leaf descended from before 6.40 a.m. until 2 or 
2.50 P.M., and then rose so as to stand vertically at about 6 p.m., 
descending again late in the night or in the very early morning. 

* A. Brongiiiart 6rst observed la Soc. Bot. de Franco,’ tom. vii. 
that the leaves of this plant and I860, p. 470. 
of Mnrsilea sleep : see • Bull, de 



© The Complete Work of Charles Darwin Online 



392 MODIFIED CIECUMNUTATION. Chap. VII. 

On the second day the descending line zigzagged slightly. As 



Fig. 165. 




glass ; plant illaminated from 
aboTe. Temp. 23J°-2IJ° C. 



usual, the ascending and de- 
scending lines did not coincide. 
On another occasion, when the 
temperature was a little higher, 
viz., 24°-26l° C., a leaf was 
observed 17 times between 8.50 
A.M. and 12.16 p.m. ; it changed 
its course by as much as a 
rectangle six times in this in- 
terval of 3 h. 26 m., and de- 
.scribed two irregular triangles 
and a half. The leaf, therefore, 
on this occasion circumnutated 
rapidly and in a complex 
manner. 

Acotyledons. 

iJarsHea quadrifoliaia (Mar- 
sileacese). — The shape of a leaf, 
expanded horizontally during 
the day, is shown at A (Fig. 166). 
Each leaflet is provided with 
a well-developed pulvinus. 
"When the leaves sleep, the tw’6 
terminal leaflets rise up, twist 
half round and come into con- 
tact with one another (B), and 
are afterwards embraced by the 
two lower leaflets (C); so that 
the four leaflets with their lower 
surfaces turned outwards form 
a vertical packet. The curva- 
ture of the summit of the petiole 
of the leaf figured asleep, is 
merely accidental. The plant 
was brought into a room, where 
the temperature was only a little 
above 60° F., and the movement 
of one of the leaflets (the petiole 
having been secured) was traced 
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dui'ing 24 h. (Fig. 167). The leaf fell from the early morning 
till 1.50 P.M., and then rose till 6 p.m., when it was asleep. A 



Fig. 166. 




Marsika qmdrlfoliata; A, leaf during the day, seen from Tcrtically above ; 
B, leaf beginning to go to sleep, seen laterally ; C, the same asleep. 
Figures reduced to one-half of natural scale. 

vertically dependent glass filament was now fi.xcd to one of the 
terminal and inner leaflets; and part of the tracing in Fig. 167, 
after 6 p.m., shows that it continued to sink, making one zigzag, 
until 10.40 P.M. At 6.45 a.m. on the following morning, the leaf 
was awaking, and the filament pointed above the vertical glass. 



Fig. 167. 




Marsika iimdrifvliat't; circuronutation and nyctitropic movement of leaflet 
traced on vertical glass, during nearly 24 h. Figure reduced to two- 
thirds of original scale. Plant kept at rather too low a temperature. 

but by 8.25 A m. it occupied the position shown in the figure. 
The diagram diflers greatly in appearance from most of those 
previously given; and this is due to the leaflet twisting and 
moving latenilly as it approaches and comes into contact with 
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its fellow. The movement of another leaflet, when asleep, 
was traced between 6 p.m. and 10.35 p.m., and it clearly cir- 
cumnutated, for it continued for two hours to sink, then rose, 
and then sank still lower than it was at 6 p.m. It may be 
seen in the preceding figure (167) that the leaflet, when the 
plant was subjected to a rather low temperature in the house, 
descended and ascended dui-ing the middle of the day in a 
somewhat zigzag line; but when kept in the hot-house from 
J A.M. to 3 P.M. at a high but varying temijerature (viz., between 
72’ and 83° F.) a leaflet (with the petiole secured) circumnutated 
rapidly, for it made three large vertical ellipses in the course of 
the six hours. According to Brongniart, Marsiha pubescens sleeps 
like the present species. These plants are the solo cryptogamic 
ones known to sleep. 



Siimmarif and Concluding Remarks on the Nyctitropic 
or Sleep-movements of Leaves.— That these movements 
are in some manner of high importance to tlie plants 
which exhibit them, few will dispute who have ob- 
served how complex they sometimes are. Thus with 
Cassia, the leaflets which are horizontal during the 
day not only bend at night vertically downwards with 
the terminal pair directed considerably backwards, but 
they also rotate on their own axes, so that their lower 
surfaces are turned outwards. The terminal leaflet 
of Melilotus likewise rotates, by which movement one 
of its lateral edges is directed upwards, and at the 
same time it moves either to the loft or to the right, 
until its upper surface comes into contact with that of 
the lateral leaflet on the same side,, which has like- 
wise rotated on its own axis. With Arachis, all four 
leaflets form together during the night a single 
vertical packet; and to effect this the two anteHor 
leaflets have to move upwards and the two posterior 
ones forwards, besides all twisting on their own axes. 
In the genus Sida the leaves of some species move at 
night through an angle of 90^ upwards, and of others 
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through the same angle downwards. We have seen a 
similar difference in the nyctitropic movements of the 
cotyledons in the genus Oxalis. In Lupinus, again, 
the leaflets move either upwards or downwards ; and 
in some species, for instance L. luteus, those on one 
side of the star-shaped leaf move up, and those on the 
opposite side move down ; the intermediate ones rota- 
ting on their axes ; and by these varied movements, the 
whole leaf forms at night a vertical star instead of a 
horizontal one, as during the day. Some leaves and 
leaflets, besides moving either upwards or downwards, 
become more or less folded at night, as in Bauhinia 
and in some species of Oxalis. The positions, indeed, 
which leaves occupy when asleep are almost infinitely 
diversified ; they may point either vertically upwards 
or downwards, or, in the case of leaflets, towards tlie 
apex or towards the base of the leaf, or in any inter- 
mediate position. They often rotate at least-as much 
as 90° on their own axes. The leaves which arise 
from upriglit and from horizontal or much inclined 
branches on the same plant, move in some few cases 
in a difterent manner, as with Porlieria and Strephium. 
The whole appearance of many plants is wonderfully 
changed at night, as may be seen with Oxalis, and 
still more plainly with .Ilimosa. A hush of Acacia 
Farnesiana appears at night as if covered with little 
dangling hits of string instead of leaves. Excluding 
a few genera not seen by ourselves, about which we 
are in doubt, and excluding a few others the leaflets of 
which rotate at night, and do not rise or sink much, 
there are 37 genera in which the leaves or leaflets rise,’ 
otten moving at the same time towards the apex or 
towards the base of the leaf, and 32 genera in which 
they sink at night. 

The nyctitropic movements of leaves, leaflets, and 
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petioles are effected in two different ways ; firstly, by 
alternately increased growth on their opposite sides, 
preceded by increased turgescence of the cells; and 
secondly by means of a pulvinus or aggregate of small 
cells, generally destitute of chlorophyll, which become 
alternately more turgescent on nearly opposite sides ; 
and this turgescence is not followed by growth except 
during the early age of the plant. A pulvinus seems 
to be formed (as formerly shown) by a group of cells 
ceasing to grow at a very early age, and therefore does 
not differ essentially from the surrounding tissues. 
The cotyledons of some species of Trifolium are pro- 
vided with a pulvinus, and others are destitute of one, 
and so it is with the leaves in the genus Sida. We 
see also in this same genus gradations in the state of 
the development of the pulvinus; and in Nicotiana 
we have what may probably be considered as the 
commencing development of one. The nature of the 
movement is closely similar, whether a pulvinus is 
absent or present, as is evident from many of the 
diagrams given in this chapter. It deserves notice 
that when a pulvinus is present, tlie ascending and 
descending lines hardly ever coincide, so that ellipses 
are habitually described by the leaves thus provided, 
whether they are young or so old as to have quite 
ceased growing. This fact of ellipses being described, 
shows that the alternately increased turgescence of 
the cells does not occur on exactly opposite sides of the 
puhinus, any. more than the increased growth which 
causes the movements of leaves not furnished with 
pulvini. When a pulvinus is present, the nyctitropic 
movements are continued for a very much longer 
period than when such do not exist. This has been 
amply proved in the case of cotyledons, and Pfeffer 
has given observations to the same effect with respect 
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to leaves. We have seen that a leaf of il//;nosa 
pudica continued to move in the ordinary manner, 
though somewhat more simply, until it withered and' 
died. It may be added that some leaflets of TrifoUmn 
pratenae were pinned open during 10 days, and on the 
first evening after being released they rose up and 
slept in the usual manner. Besides the long con- 
tinuance of the movements when effected by the aid 
of a pulvinus (and this appears to be the final cause 
of its development), a twisting movement at night, as 
Pfefler has remarked, is almost confined to leaves thus 
provided. 

It is a very general rule that the first true leaf, 
though it may differ somewhat in shape from the 
leaves on the mature plant, yet sleeps like them ; and 
this occurs quite independently of the fact whether or 
not the cotyledons themselves sleep, or whether they 
sleep in the same manner. But with Fhaseoliis' Rox- 
lurghii the first unifoliate leaves rise at night almost 
sufficiently to be said to sleep, whilst the leaflets of 
the secondary trifoliate leaves sink vertically at night. 
On young plants of Sida rliomhwfolia, only a few 
inches in height, the leaves did not sleep, though on 
rather older plants they rose up vertically at night. 
On the other hand, the leaves on very young plants of 
Cytisus fragrans slept in a conspicuous manner, whilst 
on old and vigorous bushes kept in the greenhouse, 
the leaves did not exhibit any jdain nyctitropic move- 
ment. In the genus Lotus the basal stipule-like 
leaflets rise up vertically at night, and are provided 
with pulvini. 

As already remarked, when leaves or leaflets change 
their position greatly at night and by complicated 
movements, it can hardly be doubted that these must 
be in some manner beneficial to the plant. If so, we 
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must extend the same conclusion to a large number of 
sleeping plants; for the most complicated and the 
simplest nyctitropic movements are connected together 
by the finest gradations. But owing to the causes spe- 
cified in the beginning of this chapter, it is impossible 
in some few cases to determine whether or not certain 
movements should be called nyctitropic. Generally, 
the position which the leaves occupy at night indi- 
cates M’ilh sufficient clearness, that the benefit thus 
derivtid, is the protection of their upper surfaces from 
radiation into the open sky, and in many cases the 
mutual protection of all the parts from cold by their 
being brought into close approximation. It should be 
remembered that it was proved in the last chapter, that 
leaves compelled to remain extended horizontally at 
night, suffered much more from radiation than those 
which were allowed to assume their normal vertical 
position. 

The fact of the leaves of several plants not sleeping 
unless they have been well illuminated during the 
day, made us for a time doubt whether the pro- 
tection of their upper surfaces from radiation was in 
all cases the final cause of their well-pronounced 
nyctitropic, movements. But we have no reason to 
suppose that the illumination from the open sky, 
during even the most clouded day, is insufficient for 
this purpose ; and we should bear in mind that leaves 
which are shaded from being seated low down on the 
plant, and which sometimes do not' sleep, are likewise 
protected at night from full radiation. Nevertheless, 
■we do not wish to deny that there may exist cases in 
which leaves change their position considerably at 
night, ■\vithout their deriving any benefit from such 
movements. 

Although with sleeping plants the blades almost 
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always assume at night a vertical, or nearly vertical 
position, it is a point of complete indifference whether 
the apex, or the- base, or one of the lateral edges, is 
directed to the zenith. It is a rule of wide generality, 
than whenever there is any difference in the degree of 
exposure to radiation betw-een the upper and the lower 
surfaces of leaves and leaflets, it is the upper which is 
the least exposed, as may be seen in Lotus, Cytisus, 
Trifolium, and other genera. In several species of 
Lupinus the leaflets do not, and apparently from 
their structure cannot, place themselves vertically at 
night, and consequently their upper surfaces, though 
highly inclined, are more exposed than the lower ; and 
here we have an exception to our rule. But in other 
species of this genus the leaflets succeed in placing 
themselves vertically ; this, however, is effected by a 
very unusual movement, namely, by the leaflets on 
the oijposite sides of the same leaf moving in 02>pdsite 
directions. 

It is again a very common rule that when leaflets 
come into dose contact with one another, they do so 
by their upper surfaces, which are thus best protected. 
In some cases this may be the direct result of their 
rising vertically ; but it is obviously for the pro- 
tection of the upper surfaces that the leaflets of 
Cassia rotate in so wonderful a manner whilst sinking 
downwards ; and that the terminal leaflet of Melilotus 
rotates and moves to one side until it meets the lateral 
leaflet ou the same side. When opposite leaves or 
leaflets sink vertically down without any twisting, 
their lower surfaces approach each other and some- 
times come into contact; but this is the direct and 
inevitable result of their position. With many species 
of Oxalis the lower surfaces of the adjoining leaflets 
are pressed together, and are thus better protected 
18 
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than the upper surfiices ; but this depends merely on 
eacli leaflet becoming folded at night so as to be able 
to sink vertically downwards. The torsion or rotation 
of leaves and leaflets, which occurs in so many cases, 
apparently always serves to bring their upper surfaces 
into close approximation with one another, or with 
other parts of the plant, for their mutual protection. 
We see this best in such cases as those of Arachis, 
Mimosa alhida, and Marsilea, in which all the leaflets 
form together at night a single vertical packet. If 
with Mimosa pudica the opposite leaflets had merely 
moved upwards, their upper surfaces would have eome 
into contact and been well protected ; but as it is, 
they all .successively move towards the apex of the 
leaf ; and thus not only their upper surfaces are pro- 
tected, but the successive pairs become imbricated and 
mutually protect one another as well as the petioles. 
Tliis imbrication of the leaflets of sleeping plants is a 
common phenomenon. 

The nyctitropic movement of the blade is gene- 
rally effected by the curvature of the uppermost part 
of the petiole, which has often been modified into a 
pulvinus ; or the w'hole petiole, when short, may be 
thus modified. But the blade itself sometimes curves 
or moves, of which fact Bauhinia offers a striking 
instance, as the two halves rise up and come into 
close contact at night. Or the blade and the ui^per 
part of the petiole may both move. Moreover, the 
petiole as a whole commonly either rises or sinks at 
night. This movement is sometimes large : thus the 
petioles of Cassia pulescens stand only a little above 
the horizon during the day, and at night . rise up 
almost, or quite, perpendicularly. The petioles of the 
younger leaves of Desmodinm gyrans also rise up ver- 
tically at night. On the other hand, with Amphi- 
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carpsca, the petioles of some leaves sank down as 
much as 57° at night ; Avith Arachis they sank 39°, 
and then stood at right angles to the stem. Gene- 
rally, when the rising or sinking of several petioles on 
the same plant was measured, the amount differed 
greatly. This is largely determined by the age of the 
leaf : fur instance, the petiole of a moderately old leaf 
of Desmodiuiii gyrans rose only 46°, whilst the young 
ones rose up vertically ; that of a young leaf of Cassia 
florihunda rose 41°, whilst that of an older leaf rose 
only 12°f It is a more singular fact that the age of 
the plant sometimes influences greatly the amount of 
movement ; thus with some young seedlings of a Eau- 
hinia the petioles rose at night 30° and 34°, whereas 
those on these same plants, when grown to a height 
of 2 or 3 feet, hardly moved at all. The position of 
the leaves on the plant as determined hy the light, 
seems also to influence the amount of movement 
of the petiole; for no other cause was apparent 
why the petioles of some leaves of Melilotus o^cinalis 
rose as much as 59°, and others only 7° and 9° at 
night. 

In the case of many plants, the petioles move at 
night in one direction and the leaflets in a directly 
opposite one. Thus, in three genera of Phaseole® the 
leaflets moved vertically downwards at night, and the 
petioles rose in two of them, whilst in the third they 
sank. Species in the same genus often difler Avidely 
in the movements of their petioles. Even on the same 
jAlaut of Lupinus pubcscens some of the petioles rose 30°, 
others only 6°, and others sank 4° at night. The 
leaflets of Cassia Barelayana moved so little at night 
that they could not be said to sleep, yet the petioles 
of some young leaves rose as much as 34°. These 
several facts apparently indicate that the movements 
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of the petioles are not performed for any special pur- 
pose; though a conclusion of this kind is generally 
rash. When the leaflets sink vertically down at night 
and the petioles rise, as often occurs, it is certain that 
the upward movement of the latter does not aid the 
leaflets in placing themselves in their proper posi- 
tion at niglit, for they have to move through a 
greater angular space than would otherwise have been 
necessary. 

Notwithstanding what has just been said, it may be 
strongly suspected that in some cases the rising of 
the petioles, when considerable, does beneficially serve 
the plant by greatly reducing the surface exposed to 
radiation at night. If the reader will compare the 
two drawings (Fig. 155, p. 371) of Cassia puhescens, 
copied from photographs, he will see that the dia- 
meter of the plant at night is about one-third of 
what it is by day, and therefore the surface exposed 
to radiation is nearly nine times less. A similar 
conclusion may be deduced from the drawings (Fio-. 
149, p. 358) of a branch awake and asleep °of Des- 
modium gyrans. So it was in a very striking manner 
with young plants of Bauliinia, and with Oxalis 
Ortegesii. 

W c are led to an analogous conclusion with respect 
to the movements of the secondary petioles of certain 
pinnate leaves. The pinnai of Mimosa pudica con- 
verge at night; and thus the imbricated and closed 
leaflets on each separate pinna are all brought close 
together into a single bundle, and mutually protect 
one another, with a somewhat smaller surface exposed 
to radiation. AY ith Albizzia lophantha the pinme close 
together in the same manner. Although the pinnm 
of Acacia Farnesiana do not converge much, they 
sink downwards. Those of Neytunia oleracea likewise 
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move downwards, as well as backwards, towards the 
base of the leaf, whilst the main petiole rises. With 
Schraukia, again, the pinnm are depressed at night. 
Now in these three latter cases, though the piunm 
do not mutually protect one another at night, yet 
after having sunk down they exjjose, as does a 
dependent sleeping leaf, much less surface to the 
zenith and to radiation than if they had remained 
horizontal. 

Any one who had never observed continuously a 
sleeping plant, would naturally suppose that the leaves 
moved only in the evening when going to sleep, and 
in the morning when awaking ; but he would be quite 
mistaken, for we have found no exception to the rule 
that leaves which sleep continue to move during the 
whole twenty-four hours; they move, however, more 
quickly when going to sleep and when awaking than 
at other times. That they are not stationary during 
the day is shown by all the diagrams given, and by 
the many more which were traced. It is troublesome 
to observe the movements of leaves in the middle of 
the night, but this was done in a few cases; and 
tracings were made during the early part of the night 
of the movements, in the case of Oxalis, Amphicarp;ea, 
two species of Erythriiia, a Cassia, Passiflora, Euphorbia 
and Marsilca ; and the leaves after they had gone to 
sleep, were found to be in constant movement. When, 
however, opposite leaflets come into close contact with 
one another or with the stem at night, they are, as we 
believe, mechanically prevented from moving, but this 
point was not sufficiently investigated. 

\\'hen the movements of sleeping leaves are traced 
during twenty-four hours, the ascending and descend- 
ing lines do not coincide, except occasionally and by 
accident for a short space ; so that w ith many plants a 



© The Complete Work of Charles Darwin Online 



4U4 MODIFIED CIUCUMNUTATION. Cbap. VII. 

single large ellipse is described during each twenty-four 
hoius. Such ellipses arc generally narrow and ver- 
tically directed, for the amount of lateral movement is 
small. That there is some lateral movement is shown 
bv the ascending and descending lines not coinciding, 
and occasionally, as with Desmodinm gyrans and Thalia 
dealhata, it was strongly marked. In the case of Meli- 
lotus the ellipses described by the terminal leaflet 
during the day are laterally extended, instead of ver- 
ticallv, as is usual ; and this lact evidently stands in 
relation with the terminal leaflet moving laterally 
when it goes to sleep. 'With the majority of sleeping 
plants the leaves oscillate more than once up and 
down in the twenty-four hours ; so that frequently two 
ellipses, one of moderate size, and one of very large size 
which includes the nocturnal movement, arc described 
within the twenty-four hours. For instance, a leaf 
which stands vertically up during the night wiU sink 
in the morning, then rise considerably, again sink in 
the afternoon, and in the evening reascend and assume 
its vertical nocturnal position. It will thus describe, 
in the course of the twenty-four hours, two ellipses of 
unequal sizes. Other plants describe within the same 
time, three, four, or five ellipses. Occasionally the 
longer axes of the several ellipses extend in different 
directions, of which Acacia Farnesiana offered a good 
instance. The following cases will give an idea of the 
rate of movement: Oxalis acetosella completed two 
ellipses at the rate of 1 h. 25 m. for each ; Mar&ilea 
qiiadrifoliata, at 'the rate of 2 h.; Trifolium suhterraneum, 
one in 3 h. 30 m. ; and Arachis liypogma, in 4 h. 50 m. 
But the number of ellipses described within a given 
time depends largely on the state of the plant and 
on the conditions to which it is exposed. It often hap- 
pens that a single ellipse may be described during one 
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day, and two on the next. Evythrina corallodendron 
made four ellipses on the first day of observation 
and only a single one on the third, apj)arcntly owing 
to having been kept not sufficiently illuminated and 
perhaps not warm enough. But there seems likewise 
to bo an innate tendency in diflerent species of the 
same genus to make a ditferent number of elli 2 >ses in 
the twenty-four hours : the leaflets of Trifolium repens 
made only one ; those of T. resupinatum two, and those 
of T. subterraneum three in this time. Again, the 
leaflets of Oxalis Plumierii made a single ellipse ; those 
of 0. hupleurifolia, two ; those of 0. Valdiviana, two or 
three ; and those of 0. acetosella, at least five in the 
twenty-four hours. 

The line followtal by the apex of a leaf or leaflet, 
whilst describing one or more ellipses during the day, 
is often zigzag, either throughout its whole course or 
only during the morning or evening : Kobijiia offered 
an instance of zigzagging confined to the morning, 
and a similar movement in the evening is shown in 
the diagram (Fig. 12G) given under Sida. The amount 
of the zigzag movement depends largely on the plant 
being placed under highly favourable conditions. But 
even under such favourable conditions, if the dots which 
mark the position of the apex are made at consider- 
able intervals of time, and the dots are then joined, 
the course ])ursucd will still appear comi)arativcly 
simple, although the number of the ellipses will bo 
increased ; but if dots are made every two or three 
minutes and these arc joined, the result often is that 
all the lines are strongly zigzag, many small loops, 
triangles, and other figures being also formed. This 
fact is shown in two parts of the diagram (Fig. 150) 
of the movements of Desmodium gyrans. Strephium 
jlorihundum, observed under a high temperature, 
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made several little triangles at the rate of 43 m, 
for each. Mimosa pudica, similarly observed, de- 
scribed three little ellipses in 67 m. ; and the apex 
of a leaflet crossed of an inch in a second, or 
0-12 inch in a minute. The leaflets of Averrhoa 
made a countless number of little oscillations when 
the temperature was high and the sun shining. The 
zigzag movement may in all cases be considered as 
an attempt to form small loops, which are drawn out 
by a prevailing movement in some one direction. The 
rapid gyrations of the little lateral leaflets of Ues- 
modium* belong to the same class of movements, 
somewhat exaggerated in rapidity and amplitude. 
The jerking movements, with a small advance and 
still smaller retreat, apparently not exactly in the 
same line, of the hypocotyl of the cabbage and of 
the leaves of Diomea, as seen under the microscope, 
all probably come under this same head. We may 
suspect that we here see the energy which is freed 
during the incessant chemical changes in progress in 
the tissues, converted into motion. Finally, it should 
be noted that leaflets and probably some leaves, whilst 
describing their ellipses, often rotate slightly on their 
axes ; so that the plane of the leaf is directed first to 
one and then to another side. This was plainly seen 
to be the case with the large terminal leaflets of Des- 
modium, Erythrina and Amphicarpaea, and is probably 
common to all leaflets provided with a juihunus. 

With respect to the periodicity of the movements of 
sleeping leaves, Pfeifer* has so clearly shown that 
this depends on the daily alternations of light and 
darkness, that nothing farther need be .said on this 



* ‘Die Pcriodischen Bewegungen der Blattorgnne,’ 1875, p. 30, et 
pastim. 
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head. But we may recall the behaviour of lllimosa 
in the North, where the sun does not set, and the 
complete inversion of the daily movements by artificial 
light and darkness. It has also been shown by us, 
that althoiigh leaves subjected to darkness for a mode- 
rately long time continue to circumnutate, yet the 
periodicity of their movements is soon greatly dis- 
turbed, or quite annulled. The presence of light or 
its absence cannot be supposed to be the direct cause 
of the movements, for these are wonderfully diversified 
even with the leaflets of the same leaf, although all 
have of course been similarly exposed. The move- 
ments depend on innate causes, and are of an adaptive 
nature. The alternations of light and darkness 
merely give notice to the leaves that the period has 
arrived for them to move in a certain manner. AVe 
may infer from the fact of seve-ral plants (Tropteolum, 
Lupinus, &c.) not sleeping unless they have been well 
illuminated during the day, that it is not the actual 
decrease of light in the evening, but the contrast 
between the amount at this hour and during the early 
part of the day, which excites the leaves to modify 
their ordinary mode of circumnutation. 

As the leaves of most plants assume their proper 
diurnal position in the morning, although light be 
excluded, and as the leaves of some plants continue to 
move in the normal manner in darkness during at 
least a whole day, we may conclude that the periodi- 
city of their movements is to a certain extent in- 
herited.* The strength of such inheritance differs 



* Pftfftr denies such inherit- “ NacliwirUun;;,’’ or Ihe nftci- 

ance ; he attributes (‘ Die Period. effects of light and dnrliness. 

Bewegungeii,’ pp. 30-5fi) tlie But we are unable to follow his 

peiioilicily when prolonged fir train of reasoning. 'I'licre does 

a day or two in darkness, to not seem to be any more reason fur 
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much in different species, and seems never to be rigid ; 
for plants have been introduced from all parts of the 
world into our gardens and greenhouses ; and if their 
movements had been at all strictly fixed in relation to 
the alternations of day and night, they would have 
slept in this country at very different hours, which 
is not the case. Moreover, it has been observed that 
sleeping plants in their native homes change their 
times of sleep with the changing seasons.* 

We may now turn to the systematic list (p. 320). 
This contains the names of all the sleeping plants 
known to us, though the list undoubtedly is very 
imperfect. It may be premised that, as a general 
rule, all the species in the same genus sleep in 
nearly the same manner. But there are some ex- 
ceptions; in several large genera including many 
sleeping species (for instance, Oxalis), some do not 
sleep. One species of 3Ielilotus sleeps like a Tri- 
folium, and therefore very diflerently from its con- 
geners ; so does one species of Cassia. In the genus 
Sida, the leaves either rise or fall at night ; and with 
Lupinus they sleep in three different methods. Re- 
turning to the list, the first point which strikes us, is 
that there are many more genera amongst the Legu- 
minosa; (and in almost every one of the Leguminous 
tribes) than in all the other families put together; 
and we are tempted to connect this fact with the great 



attributing sucb movt menta to tliia 
aiuse tlian, for instance, the in- 
bcritcd habit of winter ami 
sunituer wheat to grew best at 
dilVerent seasons ; tor this habit 
is lost after n few years, like the 
niovemenla of leavi s in darkness 
after u few days. No doubt some 



cflVct must be produced on the 
seeds by the long-eontium d culti- 
vation of the pan-nt-plants under 
diftercnt climates, but no one pro- 
bably would call this the “ Nach* 
wirkung ” of the eliinntes. 

• Pfeflcr, ibid., p. 46. 
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mobility of the stems and leaves in this family, as 
shown by the large number of climbing species which 
it contains. Next to the Leguminoste come the Mal- 
vaceae, together with some closely allied families. But 
by far the most important point in the list, is that we 
meet with sleeping plants in 28 families, in all the 
great divisions of the Phanerogamic series, and in one 
Cryptogam. Now, although it is probable that with 
the Legumiuosae the tendency to sleep may have been 
inherited from one or a few progenitors, and possibly 
so in the cohorts of the JIalvales and Chenopodiales, 
yet it is manifest that the tendency must have been 
acquired by the several genera in the other families, 
quite independently of one another. Hence the ques- 
tion natm-ally arises, how has this been possible ? 
and the answer, w'e cannot doubt, is that leaves owe 
their nyctitropic movements to their habit of cir- 
cumnutating, — a habit common to all plants, and 
everywhere ready for any beneficial development or 
modification. 

It has been shown in the previous chapters that the 
leaves and cotyledons of all plants are continually 
moving up and down, generally to a slight but some- 
times to a considerable extent, and that they describe 
either one or several ellipses in the course of twenty- 
four hours ; they are also so far affected by the alter- 
nations of day and night that they generally, or 
at least often, move periodically to a small extent; 
and here we have a basis for the development of the 
greater nyctitropic movements. That the movements 
of leaves and cotyledons which do not sleep come 
within the class of circumnutating movements cannot 
be doubted, for they are closely similar to those of 
hypocotyls, epicotyls, the stems of matme plants, and 
of varions other organs. Now, if we take the simplest 
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case of a sleeping leaf, we see that it makes a single 
ellipse in the twenty-four hours, which resembles one 
described by a non-sleeping leaf in every respect, except 
that it is much larger. In both cases the course pursued 
is often zigzag. As all non-sleeping leaves are inces- 
santly circumnutating, we must conclude that a part 
at least of the upward and downward movement of one 
that sleeps, is due to ordinary circumnutation ; and it 
seems altogether gratuitous to rank the remainder of 
the movement under a wholly different head. With 
a multitude of climbing plants the ellipses which they 
describe have been greatly increased for another pur- 
pose, namely, catching hold of a support. With these 
climbing plants, the various circumnutating organs have 
been so far modified in relation to light that, differently 
from all ordinary plants, they do not bend towards it. 
With sleeping plants the rate and amplitude of the 
movements of the leaves have been so far modified in 
relation to liglit, that they move in a certain direction 
with the waning light of the evening and with the 
increasing light of the morning more rapidly, and to 
a greater extent, than at other hours 

But the leaves and cotyledons of many non-sleeping 
plants move in a much more complex manner than in 
the cases just alluded to, for they describe two, three, 
or more ellipses in the course of a day. Now, if a 
plant of this kind were converted into one that slept, 
one side of one of the several ellipses which each 
leaf daily describes, would have to be greatly increased 
in length in the evening, until the leaf stood ver- 
tically, when it would go on circumnutating about the 
same spot. On the following morning, the side of 
another ellipse would have to be similarly inereased 
in length, so as to bring the leaf back again into its 
diurnal position, when it would again circumnutate 
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until the evening. If the reader will look, for in- 
stance, at the diagram (Fig. 142, p. 351), representing 
the nyctitropic movements of the terminal leaflet of 
Trifolium suUerraneum, remembering that the curved 
broken lines at the top ought to be prolonged much 
higher up, he will, see that the great rise in the evening 
and the great fall in the morning together form a 
large ellipse like one of those described during the 
daytime, differing only in size. Or, he may look at 
the diagram (Fig. 103, p. 236) of the 3^ ellipses 
described in the course of 6 h. 35 m. by a leaf of 
Lupimis speciosus, which is one of the species in this 
genus that does not sleep ; and he will see that by 
merely prolonging upwards the line which was already 
'rising late in the evening, and bringing it down 
again next morning, the diagram would represent the 
movements of a sleeping plant. 

With those sleeping plants which describe^, several 
ellipses in the daytime, and which travel in a strongly 
zigzag line, often making iu their course minute loops, 
triangles, &'c., if as soon as one of the ellipses begins 
in the evening to be greatly increased in size, dots are 
made every 2 or 3 minutes and these are joined, the 
line then described is almost strictly rectilinear, in 
strong contrast with the lines made during the day- 
time. This was observed with Desmodiim gyrans and 
Mimosa pudica. AVith this latter plant, moreover, the 
pinnrn converge in the evening by a steady move- 
ment, whereas during the day they are continually 
converging and diverging to a slight extent. In all 
such cases it was scarcely possible to observe the 
difference in the movement during the day and even- 
ing, without being convinced that in the evening the 
plant saves the expenditure of force by not moving 
laterally, and that its whole energy is now expended 
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in gaining quickly its proper nocturnal position by 
a direct course. In several other cases, for instance, 
when a leaf after describing during the day one or 
more fairly regular ellipses, zigzags much in the 
evening, it appears as if energy was being esiiended, 
so that the great evening rise or fall might coin- 
cide with the period of the day proper for this 
movement. 

The most complex of all the movements performed 
by sleeping plants, is that when leaves or leaflets, 
after describing in the daytime several vertically 
directed ellipses, rotate greatly on their axes in the 
evening, by which twisting movement they occupy 
a wholly different position at night to what they do^ 
during the day. For instance, the terminal leaflets' 
of Cassia not only move vertically downwards in the 
evening, but twist round, so that their lower surfaces 
face outwards. Such movements are wholly, or almost 
wholly, confined to leaflets provided with a pulvinus. 
But this torsion is not a new kind of movement 
introduced solely for the purpose of sleep; for it 
has been shown that some leaflets whilst describing 
their ordinary ellipses during the daytime rotate 
slightly, causing their blades to face first to one side 
and then to another. Although we can see how the 
slight periodical movements of leaves in a vertical 
plane could ho easily converted into the greater yet 
simple nyctitropic movements, we do not at present 
know hy what graduated steps the more complex 
movements, effected by the torsion of the pulvini, 
have been acquired. A probable explanation could 
be given in each case only after a close investigation 
of the movements in all the allied forms. 

From the facts and considerations now advanced we 
may conclude that nyctitropism, or the sleep of leaves 
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and cotyledons, is merely a modification of their ordi- 
nary circumnutating movement, regulated in its period 
and amplitude by the alternations of light and dark- 
ness. The object gained is the protection of the upper 
surfaces of the leaves from radiation at night, often 
combined with the mutual protection of the several 
parts by their close approximation. In such cases as 
those of the leaflets of Cassia — of the terminal leaflets 
of Melilotus — of all the leaflets of Araehis, Marsilea, 
&c. — we have ordinary circumnutation modified to the 
extreme extent known to us in any of the several great 
classes of modified circumnutation. On this view of 
the origin of nyctitropism we can understand how it 
is that a few plants, widely distributed throughout the 
Vascular series, have been able to acquire the habit of 
placing the blades of their leaves vertically at night, 
that is, of sleeping, — a fact otherwise inexplicable. 

The leaves of some plants move during tlie day in 
a manner, which has improperly been called diurnal 
sleep ; for when the sun shines brightly on them, they 
direct their edges towards it. To such cases we shall 
recur in the following chapter on Heliotropism. It 
has been shown that the leaflets of one form of 
Pcu'lieria hygrometriea keep closed during the day, as 
long as the plant is scantily supplied with water, in 
the same manner as when asleep ; and this apparently 
serves to check evaporation. There is only one other 
analogous case known to us, namely, that of certain 
Graminem, which fold inwards the sides of their narrow 
leaves, when these are exposed to the sun and to a 
dry atmosphere, as described by Duval-Jouve.* We 
have also observed the same j)hcnomenon in Ehjmus 
arenareus. 

* • Annul, des So. Nat. (Bot.),’ 1875, tom. i. pp. 326-329. 
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There is another movement, which since the time 
of Linnaeus has generally been called sleep, namely, 
that of the petals of the many flowers which close at 
night. These movements have been ably investigated 
by Pfeifer, who has shown (as was first observed by 
llofmeister) that they are caused or regulated more 
by temperature than by the alternations of light and 
darkness. Although they cannot fail to protect the 
organs of reproduction from radiation at night, this 
does not seem to be their chief function, but rather 
the protection of the organs from cold winds, and 
especially from rain, during the day. The latter 
seems probable, as Kerner * has shown that a widely 
different kind of movement, namely, the bending down 
of the upper part of the peduncle, serves in many 
cases the same end. The closure of the flowers will 
also exclude nocturnal insects which may be ill-adapted 
for their fertilisation, and the well-adapted kinds at 
periods when the temperature is not fiivourable for 
fertilisation. Whether these movements of the petals 
consist, as is probable, of modified circumnutation we 
do not know. 

Emhrycilogi/ of Leaves . — A few facts have been in- 
cidentally given in this chapter on what may be called 
the embryology of leaves. With most plants the 
first leaf which is developed after the cotyledons, 
resembles closely the leaves produced by the mature 
plant, but this is not always the case. The first 
leaves produced by some species of Drosera, for instance 
by D. Cajnensis, differ widely in shape from those 
borne by the mature plant, and resemble closely the 
leaves of D. rotimdifolia, as was shown to us by Prof. 
Williamson of Manchester. The first true leaf of 



* ‘ Die SehiitzmitUl des Pullens,’ 1873, pp. 30-39. 
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the gorse, or Ulex, i.s not narrow and spinose like the 
older leaves. On the other hand, with many Legumi- 
nous plants, for instance. Cassia, Acacia lophantha, &c., 
the first leaf has essentially the same character as the 
older leaves, excepting that it bears fewer leaflets. In 
Trifolium the first leaf generally bears only a single 
leaflet instead of three, and this differs somewhat in 
shape from the corresponding leaflet on the older leaves. 
Now, with Trifolium Pannonicum the first true leaf on 
some seedlings was unifoliate, and on others completely 
trifoliate ; and between these two extreme states there 
were all sorts of gradations, some seedlings bearing 
a single leaflet more or loss deeply notched on one 
or both sides, and some bearing a single additional 
and perfect lateral leaflet. Here, then, we have the 
rare opportunity of seeing a structure proper to a more 
advanced age, in the act of gradually encroaching on 
and replacing an earlier or embryological condition. 

The genus Helilotus is closely allied to Trifolium, and 
the first leaf bears only a single leaflet, which at night 
rotates on its axis so as to present one lateral edge to 
the zenith. Hence it sleeps bke the terminal leaflet 
of a mature plant, as was observed in 15 species, and 
wholly unlike the corresponding leaflet of Trifolium, 
u hich simply bends upwards. It is therefore a curious 
fact that in one of these 15 species, viz., M. Taurica (and 
in a lesser degree in two others), leaves arising from 
young shoots, produced on plants which had been cut 
down and kept in pots during the winter in the green- 
house, slept like the leaves of a Trifolium, whilst the 
halves on the fully-grown branches on these same 
plants afterwards slept normally like those of a Meli- 
lotus. If young shoots rising from the ground may 
be considered as new individuals, partaking to a certain 
extent of the nature of seedlings, then the peculiar 
manner in which their leaves slept may be considered 
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as an embiyological habit, probably the result of 3Ieli- 
lotus being descemled from some form which slept like 
a Trifolinm. This view is partially supported by the 
leaves on old and young branches of another species, 
ill. Messanensis (not included in the above 15 species), 
always sleeping like those of a Trifolinm. 

The first true leaf of Mimosa albida consists of a 
simple petiole, often bearing three pairs of leaflets, all 
of which are of nearly equal size and of the same 
shape : the second leaf differs widely from the first, 
and resembles that on a mature plant (see Fig. 159, 
p. 379), for it consists of two j)inua?, each of whii-h 
bears two pairs of leaflets, of which the inner basal 
one is very small. But at the base of each pinna 
there is a pair of minute points, evidently rudiments 
of leaflets, for they are of unequal sizes, like the two 
succeeding leaflets. These rudiments are in one sense 
embryological, for they exist only during the youth of 
the leaf, fulling off ami disajipearing as soon as it is 
fully grown. 

^^'ith Bcsniodium gyrans the two lateral leaflets are 
very much smaller than the corresponding leaflets in 
most of the species in this large genus ; they vary 
also in position and size ; one or both are sometimes 
absent ; and they do not sleep like the fully-developed 
leaflets. They may therefore be considered as almost 
ruilimcntary ; and in accordance with the general prin- 
ciples of embryology, they ought to be more constantly 
and fully developed on very young than on old plants. 
But this is not the case, for they were quite absent 
on some young seedlings, and did not apj)car until 
from 10 to 20 leaves had been formed. This fact 
leads to the suspicion that V. gyrans is descended 
through a unifoliate form (of which some exist) from 
a trifoliate species ; and that the little lateral leaflets 
reappear througli reversion. However this may be. 
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the interesting fact of the pulvini or organs of move- 
ment of these little leaflets, not having been reduced 
nearly so much as their blades— taking the large 
terminal leaflet as the standard of comparison — gives 
us probably the proximate cause of their extraordinary 
power of gyration. 
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CHAPTER VIII. 

Modified CiKoDaNCTATioM : Movements excited by Light. 

Distinction between holiotropism and the effects of light on the perio- 
dicity of the movements of leaves — Heliotropic movements of Beta, 
Solanura, Zen, and Avena — Heliotropic movements towards an 
obscure light in Apios, Brassica, Phuluris, Tropaeolum, and Cassia 
— Apbeliotropie movements of tendrils of Bignonia — Of flower- 
lieduncles of Cyclamen — Burying of the poils — Heliotropism 
and apheliotropism modified forms of cireumnutation — Steps by 
which one movement is converted into the other— Transversal- 
heliotropismus or diaheliotropism, influenced by epiniisty, the 
weight of the part and apogcotropism— Apogeotropism overcome 
during the middle of the day by diaheliotropism — Effects of the 
weight of the blades of cotyledoiis— So-called diunial slts'p— Chloro- 
jihyll injured by intense light — Movements to avoid intense light. 

Sachs first clearly pointed out the important dif- 
ference between the action of light in modifying the 
periodic movements of leaves, and in causing them to 
bend towards its source.* The latter, or heliotropic 
movements are determined by the direction of the light, 
whilst periodic movements are affected by changes in 
its intensity and not by its direction. The periodicity 
of the circumnutating movement often continues for 
some time in darkness, as we have seen in the last 
chapter ; whilst heliotropic bending ceases very quickly 
when the light fails. Nevertheless, plants which have 
ceased through long-continued darkness to move pe- 
riodically, if re-exposed to the light arc still, according 
to Sachs, heliotropic. 

Apheliotropism, or, as usually designated, negative 

* ■ Physiologio Veg.’ (Frecch Translation), 1868, pp. 42, 517, 4c. 
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heliotropism, implies that a plant, when unequally 
illuminated on the two sides, bends from the light, 
instead of, as in the last sub-class of cases, towards it • 
but apheliotropism is comparatively rare, at least in a 
well-marked degree. There is a third and large sub- 
class of cases, namely, those of “ Transversal-Helio- 
tropismus ” of Frank, which we will here call diahelio- 
tropism. Parts of plants, under this influence, place 
themselves more or less transversely to the direction 
whence the light proceeds, and are thus fully illumi- 
nated. There is a fourth sub-class, as far as the final 
cause of the movement is concerned ; for the leaves of 
some plants when exposed to an intense and injurious 
amount of light direct themselves, by rising or sinkin«- 
or twisting, so as to be less intensely illuminated. 
Such movements have sometimes been called diurnal 
sleep. If thought advisable, they might be called 
paraheliotropic, and this term would correspond wi^h 
our other terms. 

It will be shown in the present chapter that all the 
movements included in these four sub-classes, con- 
sist of modified circumnutation. We do not pretend to 
say that if a part of a plant, whilst still growing, did not 
circumnutate — though such a supposition is most im- 
probable— it could not bend towards the light ; but, as 
a matter of fact, heliotropism seems always to consist 
of modified circumnutation. Any kind of movement 
in relation to light will obviously be much facilitated 
by each part circumnutating or bending successivelv 
in all directions, so that an already existing movement 
has only to be increased in some one direction, and to 
be lessened or stopped in the other directions, in order 
that it should become heliotropic, apheliotropic, &c., 
as the case may be. In the next chapter some obser- 
vations on the sensitiveness of plants to light, their 
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rate of bending towards it, and the aecumey with 
which they point towards its source, &c., will be 
given. Afterwards it will be shown — and this seems 
to us a point of much interest — that sensitiveness to 
light is sometimes confined to a small part of the 
plant; and that this part when stimulated by light, 
transmits an influence to distant parts, exciting them 
to bend. 

Udiotropism. — When a plant which is strongly 
heliotropic (and species differ much in this respect) 
is exposed to a bright lateral light, it bends quickly 
towards it, and the course pui-sued by the stem is 
quite or nearly straight. But if the light is much 
dimmed, or occasionally interrupted, or admitted in 
only a slightly oblique direction, 
the course pursued is more or less 
zigzag ; and as we have seen and 
shall again see, such zigzag move- 
ment results from the elongation or 
drawing out of the ellipses, loops, 
&c., which the plant would have de- 
scribed, if it had been illuminated 
from above. On several occasions 
we were much struck with this fact, 
whilst observing the circumnuta- 
tion of highly sensitive seedlings, 
which were unintentionally illu- 
minated rather obliquely, or only 
at successive intervals of time. 

For instance, two young seedlings of 
Beta vulgaris were placed in the middle 
of a room with north-east windows, and 
were kept covered up, except during 
each observation which lasted for only a minute or two ; but the 
result was that their hypocotyls bowed themselves to the side, 
whence some light occasionally entered, in lines which were 



Fig. 168. 




Beta vulgana : circumnn- 
tation of hypocotvl, Je- 
flected by the light 
being slightly lateral, 
traced on a horizontal 
glass from 8.30 A.M. to 
5.30 P.M. Direction ofthe 
lighted taper by which 
it was illuminated, 

the first and penultimate 
dots. Figure reduced to 
one-third of the original 
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only sbghtly zigzag. Although not a single ellipse was even 
approximately formed, we infeiTed from the zigzag lines — and, 
as it proved, correctly — that their hypocotyls were circumnuta- 
ting, for on the following day these same seedlings were placed 
in a completely darkened room, and were observed each time by 
tlie aid of a small wax taper held almost 
directly above them, and.their movements 
were traced on a horizontal glass above ; 
and now their hypocotyls clearly circum- 
nutated (Fig. 168, and Fig. 39, formerly 
given, p. 52); yet they moved a short 
distance towards the side where the taper 
was held up. If we look at these diagrams, 
and suppose that the taper had been held 
more on one side, and that the hypocotyls, 
still circumnutating, had bent themselves 
within the same time much more towards 
the light, long zigzag lines would ob- 
viously have been the result. 

Again, two seedlings of Solatittm hjeo- 
p-rsicum wore illuminated from above, 
but accidentally a little more light entered 
on one than on any other side, and their 
hypocotyls became slightly bowed towai-ds 
the brighter side ; they moved in a zigzag 
line and described in their course two little 
triangles, as seen in Fig. 37 (p. 50), and 
in another tracing not given. The sheath- 
like cotyledons of Zea mays Ixihaved, under 
nearly similar circumstances, in a nearly 
similar manner, as dc.scribed in our first • Iwliotropic 

chapter (p. 64), for they bowed themselves 

during the whole day towards one side, cotyledon (U inch in 

making, however, in their course some height) traced on hori- 

conspicuous flexures. Before we knew tHo ‘>5 p^^Oa wth 
how greatly ordinary circumnutation was 
modified by a lateral light, some seedling oats, with rather old 
and therefore not highly sensitive cotyledons, were placed in 
front of a north-east window, towards which they bent all day in 
a strongly zigzag course. On the following day they continued 
to bend in the same direction (Fig. 169), but zigzagged much 
less. The sky, however, became between 12.40 and 2.35 p.m. 



Fig. 169. 




aui.m. 
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overcast with extraordinarily dark thunder-clouds, and it was 
interesting to note how plainly the cotyledons circuninutated 
during this interval. 

The foregoing ohservations are of some 
lig. 170. value, from having bten made when wo were 

not attending to heliotropism ; and they led 
us to experiment on several kinds of seed- 
lings, by exposing them to a dim lateral light, 
so as to observe the gi-adations between 
ordinary circumnutation and heliotropism. 
Seedlings in pots were placed in front of, 
and about a yard from, a north-east window ; 
on each side and over the pots black hoards 
were placed ; in the rear the pots were open 
to the diffused light of the room, which 
had a second north-east and a north-west 
window. By hanging up one or more blinds 
before the window where the seedlings stood, 
it was easy to dim the light, so that very 
little more entered on this side than on the 
opiwsite one, which received the diffused 
light of the room. Late in the evening the 
blinds were successively removed, and as the 
plants had been subjected during the day to 
a very obscure light, they continued to bend 
towards the window’ later in the evening than 
would otherwise have occurred. Most of the 
seedlings were selected because they were 
known to be highly sensitive to light, and 
some because they were but little sensitive, 
or had become so from having grown old. 
The movements were traced in the usual 
manner on a horizontal glass cover ; a line 
^ 1 .9 glass filament with little triangles of paper 
i having been cemented in an upright position 
"la's to the hypocotyls. Whenever the stem or 
g = ;H hypocotyl became much bowed towards the 
1 1 5 light, the latter part of its course had to 
« J I traced on a vertical glass, parallel to the 
•1 window, and at right angles to the horizontal 
gla.ss cover. 

Apios graveohns . — The hypocotyl bends in a few hours rectan- 
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gularly towards a bright lateral light. In order to ascertain 
how straight a course it would pursue when fairly well illumi- 
nated on one side, seedlings were first placed before a south-west 
window on a cloudy and rainy morning ; and the movement of 
two hypocotyls were traced for 3 h., during which time they 
became greatly bowed towards the light. One of these tracings 
is given on p. 422 (Fig. 170), and the course may be seen to be 
almost straight. But the amount of light on this occasion was 
superfluous, for two seedlings were placed before a north-east 
window, protected by an ordinary linen and two muslin blinds, 
yet their hypocotyls moved towards this rather dim light in 
only slightly zigzag lines; but after 4p.m., as the light waned, 
the lines became distinctly zigzag. One of these seedlings, 
moreover, described in the afternoon an ellipse of considerable 
size, with its longer axis directed towards the wdndow. 

We now determined that the light should be made dim 
enough, so we began by exposing several seedlings before a 
north-east window, protected by one hnen blind, three muslin 
blinds, and a towel. But so little light entered that a pencil 
cast no perceptible shadow on a white card, and the hypocotyls 
did not bend at all towards the window. During this time, 
from 8.15 to 10.50 a.m., the hypocotyls zigzagged or clrcum- 
nutated near the same spot, as may be seen at A, in Fig. 171 
The tow'el, therefore, was removed at 10.50 a.m., and replaced 
by two muslin blinds, and now the light passed through 
one ordinary linen and four muslin blinds. When a pencil 
was held upright on a card close to the seedlings, it cast a 
shadow (pointing from the window) which could only just 
bo distinguished. Yet this very slight excess of light on 
one side sufficed to cause the hypocotyls of all the seedlings 
immediately to begin bending in zigzag lines towards the 
window. The cour.se of one is shown at A (Fig. 171): after 
moving towards the window from 10.50 a.m. to 12.48 p.m. it 
bent from the window, and then returned in a nearly parallel 
line; that is, it almost completed between 12.48 and 2 p.m. 
a narrow ellipse. Late in the evening, as the light waned, 
the hypocotyl ceased to bend towards the window, and circum- 
nutated on a small scale round the same spot ; during the night 
it moved considerably backwards, that is, became more upright, 
through the action of apogeotropism. At B, wo have a tracing 
of the movements of another seedling from the hour (10.50 a.m.) 
■\rhen the towel was removed ; and it is in all essential respects 
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similar to the previous one. In these two cases there could be 
no doubt that the ordinary circumnutating movement of the 
hypocotyl was modified and rendered hcliotropic. 



Fig. 171. 




Brassica deracea— The hypocotyl of the cabbage, wdien not 
disturbed by a lateral light, circumnutates in a complicated 



© The Complete Work of Charles Darwin Online 



Chap. Vm. 



HELIOTEOPISM. 



425 



manner over nearly the same space, and a figure formerly given 
is here reproduced (Fig. 172). If the hypocotyl is exposed to 
a moderately strong lateral light it moves quickly towards this 
side, travelling in a straight, or nearly straight, line. But when 
the lateral light is very dim its course is extremely tortuous, and 
evidently consists of modified circuranutation. Seedlings were 
placed before a north-east window, protected by a linen and 
muslin blind and by a towel. The sky w'as cloudy, and when- 
ever the clouds gi-cw a little lighter an additional muslin blind 
was temporarily suspended. The light from the window wus 



Fig. 172. 




thus so mtich obscured that, judging by the unassisted eye, the 
seedlings appeared to receive more light from the interior 
of the room than from the window; but this W'as not really 
the case, as was shown by a very faint shadow cast by a pencil 
on a card. Nevertheless, this extremely small excess of light 
on one side caused the hypocotyls, which in the morning had 
stood upright, to bend at right angles towards the w'indow', 
so that in the evening (after 4.23 p.m.) their course had to lie 
traced on a vertical glass parallel to the window. It should be 
stated that at 3.30 p.m., by which time the sky had liecome 
darker, the towel was removed and replaced by an additional 
muslin blind, which itself was removed at 4 p.m., the other two 
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blinds being left suspended. In Fig. 173 the course pm-sued, 
between 8.9 a.m. and 7.10 p.m., by one of the hypocotyls thus 




exijoscd is shown. It may lie observed that during the first 
16 m. the hj-pocotyl moved obliquely from the light, and this, 
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no doubt, was due to it.s then circumnutatiug in this direction. 
Similar cases were repeatedly oliserved, and a dim light rarely 
or never produced any effect until from a quarter to three- 
quarters of an hour had elapsed. After 5.15 p.m., by which 
time the light had become • 
obscure, the hypocotyl F'g- 174. 

began to circumnutate 
about the same spot. The 
contrast between the two 
, figures (172 and 173) 
would have been more 
striking, if they had been 
originally drawn on the 
same scale, and had been 
equally reduced. But the 
movements shown in Fig. 

172 were at first more mag- 
nified, and have been re- 
duced to only one-half of 
the original scale; whereas 
those in Fig. 173 were at 
first less magnified, and 
have been reduced to a 
one-third scale. A tracing 
made at the same time 
with the last of the 
movements of a second 
hypocotyl, pi-esentcd a 
closely analogous appear- 
ance ; but it did not bend 
quite so mueh towards the 
light, and it circumnu- 
tated rather more plainly. -PAolfris Canariensls: heliotropic movement 
PhalaHs Canariensis.-' 

Theslieath-likecotyledous on a horizontal glass from 8.15 A.M. So].t. 
of this monocotyledonous to 7.45 a.m. 17th. Fisure reduced 

plant were selected for oie-thu-d of original scale, 
trial, because they are very sensitive to light and circumnutate 
well, as formerly shown (see Fig. 49, p. 63). Although we felt 
no doubt about the result, some seedlings were first placed 
before a south-west window on a moderately bright morning, and 
the movements of one were traced. As is so common, it moved 
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for the first 45 m. in a zigzag line; it then felt the full influence 
of the light, and travelled towards it for the next 2h. 30 in. in an 
almost straight line. The tracing has not been given, as it was 
almost identical with that of Apios under similar circum- 
stances (Fig. 170). By n(x>n it had bowed itself to its full 
extent ; it then circumnutated about the same spot and described 
two ellipses; by 5 p.m. it had retreated considerably from the 
light, through the action of ape^eotropism. After some pre- 
liminary trials for ascertaining the right degree of obscurity, 
some seedlings were placed (Sept. 16th) before a north-east 
window, and light was admitted through an ordinary linen 
and three muslin blinds. A pencil held close by the pot now 
cast a very faint shadow on a white card, pointing from the 
window. In the evening, at 4.30, and again at 6 p.m., some of 
the blinds were removed. In Fig. 174 we see the course pursued 
under these circumstances by a rather old and not very sensitive 
cotyledon, 1‘9 inch in height, which became much bowed, 
but was never rectangularly bent towards the light. From 
11 A.M., when the sky became rather duller, until 6.30 p.m., the 
zigzagging was conspicuous, and evidently consisted of drawn- 
out ellipses. After 6.30 p.m: and during the night, it retreated 
in a crooked line from the window. Another and younger seed- 
ling moved during the same time much more quickly and to a 
much greater distance, in an only slightly zigzag line towards 
the light ; by 11 a.m. it was bent almost rectangularly in this 
direction, and now circumnutated about the same place. 

TropmoJum Some very young seedlings, bearing only 

two leaves, and therefore not as yet arrived at the climbing 
stage of growth, were first tried before a north-east window 
without any blind. The epicotyls bowed themselves towards 
the light so rapidly that in little more than 3 h. their tips 
pointed rectangularly towards it. The lines traced were either 
nearly straight or slightly zigzag; and in this latter ca.se we 
see that a trace of circumnutation was retained even under the 
influence of a moderately bright light. Twice whilst these 
epicotyls were bending towards the window, dots were made 
every 5 or 6 minutes, in order to detect any trace of lateral 
movement, but there was hardly any ; and the lines formed by 
their junction were nearly straight, or only very slightly zigzag, 
as in the other parts of the figures. After the epicotyls had 
bowed themselves to the full extent towards the light, ellipses 
of considerable size were described in the usual manner. 
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After having seen how the epicotyls moved towards a mode- 
rately bright light, seedlings were placed at 7.48 a.m. (Sept. 7th) 
before a north-east wkidow, covered by a towel, and shortly 
afterwards by an ordinary linen blind, but the epicotyls still 
moved towards the window. . At 9.13 a.m. two additional muslin 
blinds were suspended, so that the seedlings received very little 
more light from the window than from the interior of the room. 
The sky varied in brightness, and the seedlings occasionally 
Fig. 175. 




Tropwolum majiis ; heliotropic movement and circumnutation of the epicotyl 
of a young seedling towards a dull lateral light, traced on a horizontal 
glass from 7.48 A.M. to 10.40 P.M. Figure reduced to one-half of the 
original scale. 

received for a short time less light from the window than from 
the opposite side (as ascertained by the shadow cast), and then 
one of the blinds was temporarily removed. In the evening 
the blinds were taken away, one by one. The course pursued 
by an epicotyl under these circumstances is shown in Fig. 175. 
During the whole day, until 6.45 p m., it plainly bowed itself 
towards the light ; and the tip moved over a considerable space. 
After 6.45 p.m. it moved backwards, or from the window, till 
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10.40 P.M., when the last dot was made. Here, then, wo have 
a distinct holiotropic movement, effected by means of six 
elongated figures (which if dots had been made every few 
minutes would have been more or less elliptic) directed towards 
the light, with the apex of each suc- 
cessive ellipse nearer to the window 
than the previous one. Now, if the 
light had be6n only a little brighter, 
the epicotyl would have bowed itself 
more to the light, as we may safely 
conclude from the previous trials ; 
there would also have been less 
lateral movement, and the ellipses or 
other figures would have been drawn 
out into a strongly marked zigzag 
line, with probably one or two small 
loops still formed. If the light had 
been much brighter, we should have 
had a slightly zigzag Une, or one 
quite straight, for there would have 
been more movement in the direc- 
tion of the light, and much less from 
side to side. 

Sachs states that the older inter- 
nodes of this Trojaeolum are aphe- 
liotopic; we therefore placed a 
plant, 11} inches high, in a box, 
blackened within, but open on one 
side in front of a north-east window 
without any blind. A filament was 
>n of an oM internode to- internode from 

wards a lateral light, traced summit on one plant, and to 
on a horizontal glass from 8 the fourth internode of another. 

Nov Ats ’ These intemodes were either not 

Nov. 4th. Broken lines show ,, , i- . ^ 

the nocturnal course. enough, or the light was not suf- 

ficiently bright, to induce aphelio- 
tropism, for both plants bent slowly towards, instead of from 
the window during four days. The course, during two days of 
the first-mentioned internode, is given in Fig. 176 ; and we see 
that it either circumnutated on a small scale, or travelled in a 
zigzag line towards the light. We have thought this case of 
feeble heliotropism in one of the older intemodes of a plant, 
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which, whilst young, 
giving. 

Cassiu torn. — The aotyledons of this plant 
sensitive to light, whilst the 
hypocotyls are much less 
sensitive than those of most 
other seedlings, as we had 
often observed with surprise. 

It seemed therefore worth 
while to trace their move- 
ments. They were exposed 
to a lateral light before a 
north-east window, which 
was at first covered merely 
by a muslin blind, but as 
the sky grew brighter about 
11 A.M., an additional linen 
blind was suspended. After 
4 p.M. one blind and then the 
other was removed. The 
seedlings were protected on 
each side and above, but were 
open to the diffused light 
of the room in the rear. Up- 
right filaments were fixed to 
the hypocotyls of two seed- 
lings, which stood vertically 
in the morning. The accom- 
panying figure (Fig. 177) 
shows the course pursued by 
one of them during two days; 
but it should be particularly 
noticed that during the 
second day the seedlings were 
kept in darkness, and they Cassia torai heliotropic movement an.l 

then circumnutated round ighu\rled on 

nearly the same small space. gia9.i from 8 a.si. to 10.10 p.m. Oct. 
On the first day (Oct. 7th) Also its circumnutaii 

the hypocotyl moved from 
8 A.M. to 12.23 P.M., toward 
the light in a zigzag line, then turned abruptly to the left 
and afterwards described a small ellipse. Another irregular 




i Oct. 9th. 



It. Oct. 8th tc 
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ellipse was completed between 3 p..m. and about 5.30 P.M., 
the hypocotyl still bending towards the light. The hypocotyl 
^ Fig. 178. was straight and upright in the mom- 

^ ing, but by 6 p.m. its upper half was 

\ bowed towards the light, so that the 

\ chord of the arc thus formed stood at 

\ an angle of 20° with the perpendicular. 

^ After 6 p.m. its course was reversed 

\ through the action of apogeotropism, 

\ and it continued to bend from the 

\ window during the night, as shown by 

\ the broken line. On the next day it 

A was kept in the dark (excepting when 

\ each observation was made by the aid 

V ^ of a taper), and the course followed 

from 7 A.M. on the 8th to 7.45 a.m. on 
the 9th is here likewise shown. The 
^ difference between the two parts of the 

/ figure (177), namely, that described 

during the daytime on the 7fh, when 
exposed to a rather dim lateral light, 
and that on the 8th in darkness, is 
striking. The difference consists in the 
lines during the first day having been 
drawn out in the direction of the light. 
The movements of the other seedling, 
traced under the same circumstances, 
were closely similar. 

Aphdiotropism . — We succeeded in 
observing only two cases of aphelio- 
tropi.sm, for these are somewhat rare ; 
and the movements ai'e generally so 
slow that they would have been very 
troublesome to trace. 

hovi- Bignonia capreolata . — No organ of 
6.45 any plant, as far as we have seen, bends 
aw'ay so quickly from the light a 




Dignonia capreolata ; apli 
liotropic movement of 
tendril, traced on a hoi 
zontal glass fr 
A.M. July 19th to 10 A. 
20th. Movements 



.ivui. luovemenis as j 

originally traced, little tendrils of this Bignonia. They 
magnified, here reduced Or® also remarkable from circura- 
to two-thirds of the nutating much less regularly than 
ongina sen e. most other tendrils, often remaining 

stationary ; they depend on apheliotropism for coming into 
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contact with the trunks of trees.* The stem of a young plant 
was tied to a stick at the base of a pair of fine tendrils, which 
projected almost vertically upwards; and it was placed in 
front of a north-east window, being protected on all other sides 
from the light. The first dot was made at 6.45 a.m., and by 
7.35 a.m. both tendrils felt the full influence of the light, for 
they moved straight away from it until 9.20 a.m., when they 
circumnutated for a time, still moving, but only a little from 
the light (see Fig. 178 of the left-hand tendril). After 3 p.m. 
they again moved rapidly away from the light in zigzag lines. 
• By a late hour in the evening both had moved so far, that 
they pointed in a direct line from the light. During the night 
they returned a little in a nearly opposite direction. On the 
following morning they again moved from the light and con- 
verged, so that by the evening they had become interlocked 
still pointing from the light. The right-hand tendril, whilst 
converging, zigzagged much more than the one figured. Both 
tracings showed that the apheliotropic movement was a modi- 
fied form of circumnutation. 

Cydamen PersicuOT.— Whilst this plant is in flower the pedimcles 
stand upright, but their uppermost part is hooked so that the 
flower itself hangs downwards. As soon as the pods begin to 
swell, the peduncles increase much in length and slowly curve 
downwards, but the short, upper, hooked part straightens itself. 
Dltimately the pods reach the ground, and if this is covered 
with moss or dead leaves, they bury themselves. We have often 
seen saucer-like depressions formed by the pods in damp sand 
or sawdust; and one pod ('3 of inch in diameter) buried itself 
in sawdust for three-quarters of its length.f We shall have 
occasion hereafter to consider the object gained by this burying 
process. The peduncles can change the direction of their cur- 
vature, for if a pot, with plants having their peduncles already 
bowed downw’ards, be placed horizontally, they slowly bend 
at right angles to their former direction towards the centre of 
the earth. We therefore at first attributed the movement to 
geotropism ; but a pot which had lain horizontally with the pods 



* ■ The Movements and Habits 
of Climbing Plants,’ 1875, p. 97. 

t The peduncles of seveial 
other species of Cyclamen twist 
themselves into a spire, and a>-- 
curding to Erasmus Darwin Bo- 



tanic Garden,’ Canto., iii. p. 12G), 
the pods forcibly penetrate the 
earth. See also Grenier and 
Godron, ‘ Klore de France,’ tom. ii. 
p. 4.59. 
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all pointing to the ground, was reversed, being still kept hori- 
zontal, so that the pods now pointed directly upwards ; it was 
then placed in a dark cupboard, but the pods still pointed up- 
wai-ds after four days and nights. The pot, in the same position, 
was next brought back into the light, and after two days there 
was some bending downwards of the peduncles, and on the fourth 
day two of them pointed to the centre of the earth, as did the 
others after an additional day or two. Another plant, in a pot 
which had always stood upright, was left in the dark cupboard 
for six days ; it bore 3 peduncles, and only one became within this 



Fig. 179. 




time at all bowed downwards, and that doubtfully. The W'eight 
therefore, of the pods is not the cause of the bending down! 
Ihis pot was then brought back into the light, and after three 
days the peduncles were considerably bowed downwards. We 
are thus led to infer that the doumward curvature is due to 
aphehotropisra ; though more trials ought to have been made. 

In order to observe the nature of this movement, a peduncle 
liearing a large pod which had reached and rested on the 
ground, was lifted a little up and secured to a stick. A filament 
was fixed across the pod with a mark beneath, and its move- 
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ment, greatly magnified, was traced on a horizontal glass during 
67 h. The plant was illuminated during the day from above. A 
Qopy of the tracing is given on p. 434 (Fig. 179) ; and there can 
be no doubt that the descending movement is one of modified 
circumnutation, but on an extremely small scale. The observa- 
tion was repeated on another pod, which had partially buried 
itself in sawdust, and which was lifted up a quarter of an inch 
above the surface ; it described three very small circles in 24 h. 
Considering the great length and thinness of the pedimcles 
and the lightness of the pods, we may conclude that they 
would not be able to excavate saucer-like depressions in sand 
or sawdust, or bury themselves in moss, &c., unless they were 
aided by their continued rocking or ciremnnutating move- 
ment. 

Relation vetween Circumnutation and Heliofropism . — 
Any one who will look at the foregoing diagrams, 
showing the movements of the stems of various plants 
towards a lateral and more or less dimmed light, will 
be forced to admit that ordinary circumnutation and 
heliotropism graduate into one another. AVhen a 
plant is exposed to a dim lateral light and continues 
during the whole day bending towards it, receding 
late in the evening, the movement unquestionably is 
one of heliotropism. Now, in the case of Tropmolum 
(Fig. 175) the stem or epicotyl obviously ciicunmu- 
tated during the whole day, and yet it continued at 
the same time to move heliotropically ; this latter 
movement being effected by the apex of each succes- 
sive elongated figure or ellipse standing nearer to 
the light than the previous one. In the case of 
Cassia (Fig. 177) the comparison of the movement of 
the hypocotyl, when exposed to a dim lateral light and 
to darkness, is very instructive ; as is that between 
the ordinary circumnutating movement of a seedling 
Brassica (Figs. 172, 173), or that of Phalaris (Figs. 
49, 174), and their heliotropic movement towards a 
window protected by blinds. In both these cases. 
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aucl in many others, it was interesting to notice bow 
gradually the stems began to circumnutate as the 
liglit waned in the evening. We have therefore many 
kinds of gradations from a movement towards the light, 
which must he considered as one of circumnutation 
very slightly modified and still consisting of ellipses 
or circles, — though a movement more or less strongly 
zigzag, with loops or ellipses occasionally formed, — to 
a nearly straight, or even quite straight, heliotropic 
C(jurse. 

A plant, when exposed to a lateral light, though 
this may bo bright, commonly moves at first in a 
zigzag line, or even directly from the light; and 
this no doubt is due to its circumuutating at the 
time in a direction either opposite to the source of 
the light, or more or less transversely to it. As soon, 
however, as the direction of the circumnutating move- 
ment nearly coincides with that of the entering light, 
the plant bends in a straight course towards the light, 
if this is bright. The course appears to be rendered 
more and more rapid and rectilinear, in accordance with 
the degree of brightness of the light— firstly, by the 
longer axes of the elliptical figures, which the plant 
continues to desesribe as long as the light remains very 
dim, being directed more or less accurately towards 
its source, and by each successive ellijise being de- 
scribed nearer to the light. Secondly, if the light 
is only somewhat dimmed, by the acceleration and 
increase of the movement towards it, and by the 
retardation or arrestment of that from the light, some 
lateral movement being still retained, for the light 
will interfere less with a movement at right angles 
to its direction, than with one in its own direction.* 



* In his paper, ‘ lli ber ottlio- 
trope und phigiotrope PHanzeu- 



tlieile’ Arbeiten dcs Bob Inst, 
in Wurzburg,’ Band ii. Heft ii. 
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The result is that tlie course is rendered more or less 
zigzag and unequal in rate. Lastly, when the light 
is very bright all lateral movement is lost ; and the 
whole energy of the plant is expended in rendering 
the circumnutating movement rectilinear and rapid in 
one direction alone, namely, towards the light. 

The common view seems to be that heliotropism is 
a quite distinct kind of movement from circumnuta- 
tion; and it may be urged that in the foregoing 
diagrams we see heliotropism merely combined with, 
or superimposed on, circumnutation. But if so, it must 
be assumed that a bright lateral light completely 
stops circumnutation, for a plant thus exposed moves 
in a straight line towards it, without describing any 
ellipses or circles. If the light be somewhat obscured, 
though amply sufficient to cause the plant to bend 
towards it, we have more or less plain evidence of still- 
continued circumnutation. It must further be fissumed 
that it is only a lateral light which has this extraor- 
dinary power of stopping circumnutation, for we know 
that the several plants above experimented on, and 
all the others which were observed by us whilst grow- 
ing, continue to circumnutate, however bright the light 
may be, if it comes from above. Nor should it be 
forgotten that in the life of each plant, circumnuta- 
tion precedes heliotropism, for hypocotyls, epicotyls, 
and petioles circumnutate before they have broken 
through the ground and have ever felt the influence of 
light. 

We are therefore fully justified, as it seems to us, in 
believing that whenever light enters laterally, it is the 

1S79), Sucha hna discussed the the organs of plants stand with 
manner in which geotiopisin and respect to the direction of the 
heliotropism are affected by dif- incident force, 
ferences in the angles at which 
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movement of circumnutation which gives rise to, or is 
converted into, heliotropism and apheliotropism. On 
this view we need not assume against all analogy that 
a lateral light entirely stops circumnutation ; it merely 
excites the plant to modify its movement for a time 
in a beneficial manner. The existence of every pos- 
sible gradation, between a straight course towards a 
lateral light and a course consisting of a series of loops 
or ellipses, becomes perfectly intelligible. Finally, 
the conversion of circumnutation into heliotrojiism or 
apheliotropism, is closely analogous to what takes place 
with sleeping plants, which during the daytime de- 
scribe one or more ellijjses, often moving in zigzag lines 
and making little loops ; for when they begin in the 
evening to go to sleep, they likewise expend all their 
energy in rendering their course rectilinear and rapid. 
In the case of sleep-movements, the exciting or regu- 
lating cause is a difference in the intensity of the 
light, coming from above, at different periods of the 
twenty-four hours; whilst with heliotropie and aphe- 
liotropic movements, it is a difference in the intensity 
of the light on the two sides of the plant. 

Transversal-heliotropismus (of Frank *) or Diaheh'o- 
tropisin . — The cause of leaves placing themselves 
more or less transversely to the light, with their 
upper surfaces directed towards it, has been of late 
the subject of much controversy. We do not here 
refer to the object of the movement, which no doubt 
is that their upper surfaces may be fully illuminated, 
but the means by which this position is gained. 
Hardly a better or more simple instance can be given 



* ‘ Die naturlii-hi! WaKercchte 
liiolitan" von Pflanr ■' 

18 ;0 See also some 
articles by the same amnor, " z,ur 




Helintropismus,” ‘ Bo 
1873. n 17 



Friipte iiber Transvor- 



Bot. Zeitung,' 



r-al Geo-nnd 
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of cliaheliotropisin than that offered by many seed- 
lings, the cotyledons of which are extended hori- 
zontally. When they first burst from their seed-coats 
they are in contact and stand in various positions, 
often vertically upwards ; they soon diverge, and this 
is effected by epinasty, which, as we liave seen, is a 
modified form of cireumnutation. After they have 
diverged to their full extent, they retain nearly the 
same position, though brightly illuminated all day 
long from above, with their lower surfaces close to the 
ground and thus much shaded. There is therefore a 
great contrast in the degree of illumination of their 
upper and lower surfaces, and if they were heliotropie 
they would bend quickly upwards. It must not, how- 
ever, be supposed that such cotyledons are immovably 
fixed ill a horizontal position. When seedlings are 
exposed before a window, their hypocotyls, which arc 
highly heliotropic, bend quickly towards it, and tlie 
upper surfaces of their cotyledons still remain ex- 
posed at right angles to the light ; but if the hypo- 
cotyl is secured so that it cannot bend, the cotyledons 
themselves change their position. If the two are 
placed in the line of the entering light, the one 
furthest from it rises up and that nearest to it often 
sinks down ; if placed transversely to the light, they 
twist a little laterally; so that in every case they 
endeavour to place their upper surfaces at right angles 
to the light. So it notoriously is with the leaves on 
plants nailed against a wall, or grown in front of a 
window. A moderate amount of light suffices to in- 
duce such movements ; all that is necessary is that the 
light should steadily strike the plants in an oblique 
direction. With respect to the above twisting move- 
ment of cotyledons, Frank has given many and much 
more striking instances in the case of the leaves on 
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branches which had been fastened in various positions 
or turned upside down. 

In our observations on the cotyledons of seedling 
plants, we often felt surprise at their persistent hori- 
zontal position during the day, and were convinced 
before we had read Frank’s essay, that some special 
explanation was necessary. Do Vries has shown* 
that the more or less horizontal position of leaves is 
in most cases influenced by epiuasty, by their own 
weight, and by apogeotropism. A young cotyledon 
or leaf after bursting free is brought down into its 
proper position, as already remarked, by epinasty, 
which, according to De Vries, long continues to act 
on the midribs and petioles. Weight can hardly be 
influential in the case of cotyledons, except in a few 
cases presently to be mentioned, but must be so with 
large and thick leaves. With respect to apogeotropism, 
De Vries maintains that it generally comes into play, 
and of this fact we shall presently advance some 
indirect evidence. But over these and other constant 
forces we believe that there is in many cases, but we 
do not say in all, a preponderant tendency in leaves 
and cotyledons to place themselves more or less trans- 
versely with respect to the light. 

In the cases above alluded to of seedlings exposed 
to a lateral light with their hypocotyls secured, it is 
impossible that epinasty, weight and apogeotropism, 
either in opposition or combined, can be the cause of 
the rising of one cotyledon, and of the sinking of the 
other, since the forces in question act equally on both ; 
aud since epinasty, weight and apogeotropism all act 
in a vertical plane, they cannot cause the twisting of 
the petioles, which occurs in seedlings under the 

• ‘ Arbeiten dee But. Institute in Wurzburg,’ Heft. ii. 1S72, pp. 
223-277. 
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above conditions of illumination. All these movements 
evidently depend in some manner on the obliquity of 
the light, but cannot be called heliotropic, as this 
implies bending towards the light ; whereas the coty- 
ledon nearest to the light bends in an opposed direc- 
tion or downwards, and both place themselves as nearly 
as possible at right angles to the light. The move- 
ment, therefore, deserves a distinct name. As coty- 
ledons and leaves are continually oscillating up and 
down, and yet retain all day long their proper j3osition 
with their upper surfaces directed transversely to the 
light, and if displaced reassume this position, dia- 
heliotropism must be considered as a modified form of 
circumnutation. This was often evident when the 
movements of cotyledons standing in front of a window 
wore traced. We see something analogous in the case 
of sleeping leaves or cotyledons, which after oscillating 
iq) and down during the whole day, rise into a vortical 
position late in the evening, and on the following 
morning sink down again into their horizontal or dia- 
heliotropic position, in direct opposition to heliotro- 
pism. This return into their diurnal position, which 
often requires an angular movement of 90°, is analo- 
gous to the movement of leaves on displaced branches, 
which recover their former positions. It deserves 
notice that any force such as apogeotropism, will act 
with different degrees of power* in the different pttsi- 
tions of those leaves or cotyledons which oscillate 
largely up and down during the day; and yet they 
recover their horizontal or diaheliotropic position. 

We may therefore conclude that diaheliotropic 
movements cannot be fully explained by the direct 
action of light, gravitation, weight, &c., any more 



* See former note, in reference to Sachs’ remarks on this subject. 
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tlian can the uyctitropic movements of cotyledons 
and leaves. In the latter case they place themselves 
so that their upper surfaces may radiate at night 
as little as possible into open space, with the upper 
surfaces of the opposite hiaflets often in contact. These 
movements, which are sometimes extremely complex, 
are regulated, though not directly caused, by the alter- 
nations of light and darkness. In the case of diahelio- 
tropism, cotyledons and leaves place themselves so 
that their upper surfaces may bo exposed to the light, 
and this movement is regulated, though not directly 
caused, by the direction whence the light proceeds. In 
both cases the movement consists of circumnutation 
modified by innate or constitutional causes, in the 
same manner as with climbing plants, the circumnu- 
tation of which is increased in amplitude and rendered 
more circular, or again with very young cotyledons 
and leaves which are thus brought down into a hori- 
zontal position by epinasty. 

We have hitherto referred only to those leaves and 
cotyledons which occupy a permanently horizontal 
position ; but many stand more or less obliquely, and 
some few upright. The cause of these differences of 
position is not known ; but in accordance with Wiesner’s 
views, hereafter to be given, it is probable that some 
leaves and cotyledons would suffer, if they were fully 
illuminated by standing at right angles to the light. 

We have seen in the second and fourth chapters 
that those cotyledons and leaves which do not alter 
their positions at night sufficiently to be said to sleep, 
commonly rise a little in the evening and fall again 
on the next morning, so that they stand during the 
night at a rather higher inclination than during the 
middle of the day. It is ineredible that a rising 
movement of 2° or 3°, or even of 10° or 20°, can be of 
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any service to the plant, so as to have been specially 
acquired. It nuist be the result of some periodical 
change in the conditions to which they are subjected, 
and there can hardly be a doubt that this is the daily 
alternations of light and darkness. De Vries states in 
the j)aper before referred to, that most petioles and 
midribs are apogeotropic ;* and ajiogeotropism would 
account for the above rising movement, which is com- 
mon to so many widely distinct species, if we suppose it 
to be conquered by diaheliotropism during the middle 
of the day, as long as it is of importance to the plant 
that its cotyledons and leaves should be fully exposed 
to the liglit. The exact houriu the afternoon at which 
they begin to bend slightly upwards, and the extent of 
the movement, will depend on their degree of sen- 
sitiveness to gravitation and on their power of resist- 
ing its action during the middle of the day, as well as 
on the amplitude of their ordinary circumnufating 
movements ; and as these qualities differ much in dif- 
ferent species, we might expect that the hour in the 
afternoon at which they begin to rise would differ 
much in different species, as is the case. Some other 
agency, however, besides apogeotropism, must come 
into play, either directly or indirectly, in this upward 
movement. Thus a young bean (Vtcta faba), growing 
in a small pot, was placed in front of a window in a 
klinostat ; and at night the leaves rose a little, although 



♦ According to Frank (‘ Die 
nat. Wagercclite Eichtung von 
Ptlanzentlieilcn,’ 1870, p. 46) tlie 
root-leaves of many plants, kept 
in darkness, rise up and even be- 
come vertical ; and so it is in some 
cases witU shoots. (See Rauwen- 
hotf, ‘Archives Nebrlandaises,’ 
tom. xii. p. 32.) Tlipse movements 
indicate apogeotropism ; but when 



organs have been long kept in the 
dark, the amount of water and of 
mineral matter which they con- 
tain is so much altered, and their 
regular growth is so much dis- 
turbed, that it is perhaps rash to 
infer from their movements what 
would occur under normal con- 
ditions. (See Goillewski, ‘Bot. 
Zoitung,’ Fel). Htli, 1879.) 
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the action of apogeotropism was quite eliminated. 
Nevertheless, they did not rise nearly so much at 
night, as when subjected to apogeotropism. Is it 
nut possible, or even probable, that leaves and coty- 
ledons, which have moved upwards in the evening 
through the action of apogeotropism during countless 
generations, may inherit a tendency to this movement ? 
We have seen that the hypocotyls of several Legu- 
minous plants have from a remote period inherited a 
tendency to arch themselves ; and we know that the 
sleep-movements of leaves are to a certain extent 
inherited, independently of the alternations of light 
and darkness. 

In our observations on the circumnutation of those 
cotyledons and leaves which do not sleep at night, we 
met with hardly any distinct cases of their sinking 
a little in the evening, and rising again in the morn- 
ing, — that is, of movements the reverse of those just 
discussed. We have no doubt that such cases occur, 
inasmuch as the leaves of many plants sleep by 
sinking vertically downwards. How to account for the 
few cases which were observed must be left doubtful. 
The young leaves of Cannabis saliva sink at night 
between 30® and 40° beneath the horizon ; and Kraus 
attributes this to epinasty in conjunction with the 
absorption of ivater. Whenever epinastic growth is 
vigorous, it ' might conquer diaheliotropism in the 
evening, at which time it would be of no import- 
ance to the plant to keep its leaves horizontal. 
The cotyledons of Anoda WriglUii, of one variety of 
Gossypium, and of several species of Ipomoea, remain 
horizontal in the evening whilst they are very young ; 
as they grow a little older they curve a little down- 
wards, and when large and heavy sink so much that 
they come under our definition of sleep. In the case of 
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the Anoda and of some species of Ipomoea, it was proved 
that the downward movement did not depend on the 
weight of the cotyledons ; but from the fact of the move- 
ment being so much more strongly pronounced after 
the cotyledons have grown large and heavy, we may 
suspect that their weight aboriginally played some part 
in determining that the modification of the circum- 
nutating movement should bo in a downward direction. 

The so-called Diurnal Sleep of Leaves, or Paralielio- 
tropism . — This is another class of movements, dependent 
on the action of light, which supports to some extent 
the belief that the movements above described are 
only indirectly due to its action. We refer to the 
movements of leaves and cotyledons which when 
moderately illuminated are diaheliotropic ; but which 
change their positions and present their edges to the 
light, when the sun shines brightly on them. These 
movements have sometimes been called diurnal sleep, 
but they difter wholly with respect to the object 
gained from those properly called nyctitropic ; and in 
some cases the position occupied during the day is the 
reverse of that during the night. 

It lias long been known* that when the sun shines brightly 
on the leaflets of Eobinia, they rise up and present their edges 
to the light ; whilst their position at night is vertically down- 
wards. We have observed the same movement, when the 
sun shone brightly on the leaflets of an Australian Acacia. 
Those of Amphicarpaa monoica turned their edges to the sun; 
and an analogous movement of the little almost rudimentary 
basal leaflets of Mimosa albida was on one occasion so rapid that 
it could be distinctly seen through a lens. The elongated, uni- 
foliate, first leaves of Pbaseohts Boxlurghii stood at 7 a.m. at 20° 
above the horizon, and no doubt they afterwards sank a little 
lower. At noon, after having been exposed for about 2 h. to 



* PfcflFcr gives the names and dates of sevi-ral ancient writers in his 
‘Die Fcriodischen Bewegungen,' 1875, p. 02. 
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a bright sun, they stood at 56° above the horizon ; they were 
then protected from the rays of the sun, but were left well 
illuminated from above, and after 30 m. they had fallen 40°, for 
they now stood at only 16° above the horizon. Some young 
plants of Phaseolus Ikrnandcsii had been exposed to the same 
l)right sunlight, and their broad, unifoliate, first leaves now 
stood up almost or quite vertically, as did many of the leaflets 
on the trifoliate secondary leaves ; but some of the leaflets had 
twisted round on their own axes by as much as 90° without 
rising, so as to present their edges to the sun. The leaflets on 
the same leaf sometimes behaved in these two different manners, 
but always with the result of being less intensely illuminated. 
These plants were then protected from the sun, and were looked 
at after Ijh. ; and now all the leaves and leaflets had re- 
assumed their ordinary sub-horizontal positions. The copper- 
coloured cotyledons of some seedlings of Cassia mimosoides were 
horizontal in the morning, but after the sun had shone on 
them, each had risen 451° above the horizon. The movement 
in these several cases must not be confounded with the sudden 
closing of the leaflets of Mimosa pudica, which may sometimes 
be noticed when a plant which has been kept in an obscure 
place is suddenly exposed to the sun ; for in this case the light 
seems to act, as if it were a touch. 

From Prof. Wiesner's interesting observations, it is probable 
that the above movements have been acquired for a special 
purpose. The chlorophyll in leaves is often injured by too 
intense a light, and Prof. Wiesner* believes that it is protected 
by the most diversified means, such as the presence of hairs, 
colouring matter, &c., and amongst other means by the leaves 
presenting their edges to the sun, so that the blades then 
receive much less light. He experimented on the young leaflets 
of Bobinia, by fixing them in such a position that they could 
not escape being intensely illuminated, whilst others were 
allowed to place themselves obliquely ; and the former began to 
sufler from the light in the course of two days. 

In the cases above given, the leaflets move either upwards 



* ‘ Die Niiturlichen Einrich- 
tungon zum Schutze des Cliloro- 
plijlU,’ &c., IS7ti. Piiagslieira 
lias recently observed under tlie 
microsoojie the destruction of 
chlorophyll in a few minutes by 



the action of concentrated light 
from the sun, in the presence of 
oxygen. See, also, Stahl ou the 
protection of chloriphyll from 
intense light, in ‘Bot. Zeituug, 
1880. 
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or twist latei-ally, so as to place their edges in the direction of the 
sun’s light; but Cohn long ago observed that the leaflets of 
Osalis bend downwards when fully exposed to the sun. We 
witnessed a striking instance of this movement in the very 
large leaflets of U. Ortegesii. A similar movement may fre- 
quently be observed with the leaflets of Averrhoa hilimU (a 
member of the Oxalidse) ; and a leaf is here represented (Fig. 
180) on which the sun had shone. A diagram (Fig. 134) was 
given in the last chapter, representing the oscillations by which 
a leaflet rapidly descended imder these circumstances ; and the 
movement may be seen closely to resemble that (Fig. 133) by 

Fi?. 180. 



Avei'rhoa bilimbi ; leaf with leaflets depressed after exposure to suushine ; 
but the leaflets are sometimes more depressed thau is here .shown. 
Figure much reduced. 

which it assumed its nocturnal position. It is an interesting 
fact in relation to our present subject that, as Prof. Batalin 
informs us in a letter, dated Febiuary, 1879, the leaflets of 
Oxalis acetostUa may be daily exposed to the sun during many 
weeks, and they do not sufier if they are allowed to depress 
themselves ; but if this be prevented, they lose their colour and 
wither in two or three days. Yet the duration of a leaf is about 
two months, when subjected only to difiFused light ; and in this 
case the leaflets never sink downwards during the day 

As the upward movements of the leaflets of Kobinia, 
and the downward movements of those of Oxalis, have 
been proved to be highly beneficial to these plants 
when subjected to bright sunshine, it seems probable 
that they have been acquired for the special purpose 
of avoiding too intense an illumination. As it would 
liave been very troublesome in all the above cases to_ 
20 
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have watched for a fitting opportunity and to have 
traced the movement of the leaves whilst they were 
fully exposed to the sunshine, we did not ascertain 
whether paraheliotropism always consisted of modi- 
fied circumnutation ; hut this certainly was the case 
with the Averrhoa, and probably with the other species, 
as their leaves were continually circumnutating. 
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CHAPTER IX. 

Se»sitivene.-8 of Plants to Liout; its transuitted effects. 

Uses of lieliotropism— Insectivorous and climbing plants not heliotropic 
— tsame organ heliotropio at one age and not at another— Exlni- 
ordinary sensitiveness of some plants to light— The effects of light do 
not correspond with its intensity- Effects of previous illumination 
— Time required for the action of light— After-effects of light— 
Apogeotropi.-m acts as soon as light fails— Accumey with which 
plants bend to the light — This dependent on the illumination of 
one whole side of the part— Localised sensitiveness to light and its 

transmitted ellects— Cotyledons of 1 halaris, manner of 'bendin" 

Besults of the exelusiou of light from their tips— Effects trans- 
mitted beneath the surface of the ground— L.ateral illumination of 
the tip determines the direction of the curvature of the base— Coty- 
ledons of Avena, curvature of basal part due to the illununation of 
upper part— Similar results with the hypocotyls of Biassica and 
E'xlicles of Sinnpis apheliotropic, due to the sensitiveness of 
their tips — Concluding remarks and summary of chaiiter— Means 
by which circuranutation has been converted into heliotropism or 
aphelioti'opism. 

No one can look at the plants growing on a bank or 
on the borders of a thick wood, and doubt that the 
young stems and leaves place themselves so that the 
leaves may be well illuminated. They are thus enabled 
to decompose carbonic acid. But the sheath-like coty- 
ledons of some Graminem, for instance, those of Pha- 
laris, are not green and contain very little starch ; 
from which fact we may infer that they decompose 
little or no carbonic acid. Nevertheless, they are ex- 
tremely heliotropic ; and this probably serves them in 
another way, namely, as a guide from the buried seeds 
through fissures in the ground or through overlying 
masses of vegetation, into the light and air. This view 
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is strengthened by the fact that with Phalaris and 
Avena the first true leaf, which is bright green and no 
doubt decomposes carbonic acid, exhibits hardly a 
trace of heliotropism. The heliotropic movements of 
many other seedlings probably aid them in like 
manner in emerging from the ground ; for apogeo- 
tropism by itself would blindly guide them upwards, 
against any overlying obstacle. 

Heliotropism prevails so extensively among the 
higher plants, that there are extremely few, of which 
some part, either the stem, fiower-peduncle, petiole, 
or leaf, does not bend towards a lateral light. 
Drosera rotundifolia is one of the few plants the 
leaves of which exhibit no trace of heliotropism. Nor 
could we see any in Dionaea, though the plants were 
not so carefully observed. Sir J. Hooker exposed the 
pitchers of Sarracenia for some time to a lateral light, 
but they did not bend towards it.* We can understand 
the reason why these insectivorous plants should not 
be heliotropic, as they do not live chiefly by decom- 
posing carbonic acid ; and it is much more important 
to them that their leaves should occupy the best 
position for capturing insects, than that they should 
be fully exposed to the light. 

Tendrils, which consist of leaves or of other organs 
modified, and the stems of twining plants, are, as 
jMohl long ago remarked, rarely heliotropic ; and here 
again we can see the reason why, for if they had 
moved towards a lateral light they would have been 
drawn away from their supports. But some tendrils are 
apheliotropic, for instance those of Bignonia capreolata 



* According to F. Kurtz ever- tonia Calif arnica are strongly 
band!, dcs Bot. Vereins der Pro- apheliotropic. We failed to detect 

vinz Brandenburg,’ Bd. Is78) this movement in a plant which 

the leaves or pitehers of Darling- we possessed for a short time. 
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and of Sniilax aspa-a ; and tlie stems of some plants 
wliich climb by rootlets, as those of the Ivy and Tecoma 
radicans, are likewise apheliotropic, and they thus find 
a support. The leaves, on the otlier hand, of most 
climbing plants are heliotropic ; but we could detect 
no signs of any such movement in those of Mutisia 
clematis. 

As heliotropism is so widely prevalent, and as 
twining plants are distributed throughout the whole 
vascular series, the apparent absence of any tendency 
in their stems to bend towards the light, seemed to 
us so remarkable a fact as to deserve further in- 
vestigation, for it implies that heliotropism can be 
readily eliminated. ^Vhen twining plants are exposed 
to a lateral light, their stems go on revolving or cir- 
cumnutating about the same spot, without any evident 
deflection towards the light ; but we thought that 
we might detect some trace of heliotropism Ijy com- 
paring the average rate at which the stems moved to 
and from the light during their successive revolutions.* 
Three young plants (about a foot in height) of Ipomoea 
cterulea and four of I. purpurea, growing in separate 
pots, were placed on a bright day before a north-east 
window in a room otherwise darkened, with the tips 
of their revolving stems fronting the window. When 
the tip of each plant pointed directly from the window, 
and when again towards it, the times were recorde<l. 
This was continued from 6.45 a.m. till a little after 
2 r.M. on June 17th. After a few observations we 
concluded that we could safely estimate the time 



* Sume erronfous Btatcnients 
nro unfnrtiinuli'ly givi-n on tliU 
sntiji’Ct, ill ‘The Movements and 
llnliits of Climbing Plants,' 187o, 
pp. 28,32, 4U, and 53. Conolusions 
were dravni from an insufticieiit 



m'mbcr of observations, for we did 
not then know at how umqual 
a rate tlie stems and tendrils of 
cliiiiinng plants sometimes travel 
in different parts of the some re- 
volution. 
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taken by each semicircle, within a limit of error of at 
most 5 minutes. Although the rate of movement in 
different parts of the same revolution varied greatly, 
yet 22 semicircles to the light were completed, each 
on an average in 73‘95 minutes; and 22 semicircles 
from the light each in 73'5 minutes. It may, there- 
fore, be said tliat they travelled to and from the light 
at exactly the same average rate ; though probably 
the accuracy of the result was in part accidental. In 
the evening the stems were not in the least deflected 
towards the window. Nevertheless, there appears to 
exist a vestige of heliotropism, for with 6 out of the 
7 plants, the first semicircle from the light, described 
in the early morning after they had been subjected to 
darkness during the night and thus probably rendered 
more sensitive, recpiired rather more time, and the first 
semicircle to the light considerably less time, than the 
average. Tims with all 7 jilants, taken together, the 
mean time of the first semicircle in the morning from 
the light, was 7G-8 minutes, instead of 73-5 minutes, 
which is the mean of all the semicircles during the 
day from the light ; and the mean of the first .semi- 
circle to the light was only G3'l, instead of 73-95 
minutes, which was the mean of all the semicircles 
during the day to the light. 

Similar observations were made on Wistaria Sinensis, 
and the moan of 9 semicircles from the light was 
117 minutes, and of 7 semicircles to the light 122 
miuntes, and this difierenco does not exceed the pro- 
bable limit of error. During the three days of expo- 
sure, the shoot did not become at all bent towards the 
window before which it stood. In this case the first 
semicircle from tlie light in the early morning of each 
day, required rather less time for its performance than 
did the first semicircle to the light ; and this result. 
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if not accidental, appears to indicate that the shoots 
retain a trace of an original apheliotropic tendency. 
With Lonicera hrachijpoda the semicircles from and to 
the light differed considerably in time; for 5 semi- 
circles from the light required on a mean 2U2‘4 
minutes, and 4 to the light, 229‘5 minutes ; but the 
shoot moved very irregularly, and under these circum- 
stances the observations were much too few. 

It is remarkable that the same part on the same 
plant may be affected by light in a widely different 
manner at different ages, and as it appears at different 
seasons. The hypocotyledonous stems of Ipomoea 
cwrulca and purpurea are extremely heliotropic, whilst 
the stems of older plants, only about a foot in height, 
are, as we have just seen, almost wholly insensible to 
li«-ht. Sachs states (and we have observed the same 
fact) that the hypocotyls of the Ivy (Hedera helix) are 
slightly heliotropic ; whereas the stems of plants grown 
to a few inches in height become so strongly aphelio- 
tropic, that they bend at right angles away from the 
light. Nevertheless, some young plants which had 
behaved in this manner early in the summer again 
became distinctly heliotropic in the beginning of 
September ; and the zigzag courses of their stems, as 
they slowly curved towards a north-east window, were 
traced during 10 days. Tlie stems of very young 
plants of Tropieolum majits are highly heliotropic, wliilst 
those of older plants, according to Sachs, are slightly 
apheliotropic. In all these cases the heliotropism of 
the very young stems serves to expose the cotyledons, 
or when the cotyledons are hypogean the first true 
leaves, fully to the light ; and the loss of this power 
by the older stems, or their becoming apheliotropic, 
is connected with their habit of climbing. 

Most seedling plants are strongly heliotropie, and 
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it is no doubt a great advantage to them in their 
struggle for life to expose their cotyledons to the 
light as quickly and as fully as possible, for the sake 
of obtaining carbon. It has been shown in the first 
chapter that the greater number of seedlings circum- 
nutate largely and rapidly ; and as heliotropism con- 
sists of modified circumnutation, we are tempted to 
look at the high development of these two powers in 
seedlings as intimately connected. Whether there are 
any plants which circumnutate slowly and to a small 
extent, and yet are highly heliotrojric, we do not 
know ; but there are several, and there is nothing 
sm-prising in this fact, which circumnutate largely and 
are not at all, or only slightly, heliotropic. Of such 
cases Brosera rotundifolia offers an excellent instance. 
The stolons of the strawberry circumnutate almost 
like the stems of climbing plants, and they are not at 
all aflected by a moderate light; but when exposed 
late in the summer to a somewhat brighter light they 
were slightly heliotro])ic ; in sunlight, according to 
De Vries, they are apheliotropic. Climbing plants 
circumnutate much more widely than any other plants, 
yet they are not at all heliotropic. 

Although the stems of most seedling plants are 
strongly heliotropic, some few are but slightly helio- 
tropic, without our being able to assign any reason. 
This is the case with the hypocotyl of Cassia tora, and 
we were struck with the same fact with some other 
seedlings, for instance, those of Besecla odorata. With 
respect to the degree of sensitiveness of the more 
sensitive kinds, it was shown in the last chapter that 
seedlings of several species, placed before a north-east 
window protected by several blinds, and exposed in 
the rear to the diffused light of the room, moved 
with unerring certainty towards the window, although 
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it was impossible to judge, excepting by the shadow 
cast by an upright pencil on a white card, on which 
side most light entered, so that the excess on one side 
must have been extremely small. 

A pot with seedlings of Phalaris Canariensis, which 
had been raised in darkness, was placed in a com- 
pletely darkened room, at 12 feet from a very small 
lamp. After 3 h. the cotyledons were doubtfully 
curved towards the light, and after 7 h. 40 m. from 
the first exposure, they were all plainly, though 
slightly, curved towards the lamp. Now, at this dis- 
tance of 12 feet, the light was so obscure that we could 
not see the seedlings themselves, nor read the large 
Homan figures on the white face of a watch, nor see a 
pencil line on paper, but could just distinguish a line 
made with Indian ink. It is a more surprising fact 
that no visible shadow was cast by a pencil held 
upright on a white card; the seedlings, therefore, 
were acted on by a difference in the illumination of 
their two sides, which the human eye could not dis- 
tinguish. On another occasion even a less degree of 
light acted, for some cotyledons of Phalaris became 
slightly curved towards the same lamp at a distance 
of 20 feet; at this distance we could not see a cir- 
cular dot 2’29 mm. ('09 inch) in diameter made with 
Indian ink on white paper, though we could just see a 
dot 3’56 mm. ('14 inch) in diameter; yet a dot of 
the former size appears large when seen in the light.* 
We next tried how small a beam of light would act ; 
as this bears on light serving as a guide to seedlings 
whilst they emerge through fissured or encumbered 
ground. A pot with seedlings of Phal aris was covered 



• Sli-asburger enys (‘ Wirkung Hiraiitococciis moved to a light 
de.s Liclites auf Schwarmsporcn,’ which only just sufficed to allow 
1878, p. 52), that the spores of middle-sized typo to be read. 
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by a tin-vessel, liaving on one side a circular hole 
1-23 mm. in diameter (i.e. a little less than the WL„4h of 
an inch) ; and the box was placed in front of a paraffin 
lamp and on another occasion in front of a window ; 
and both times the seedlings were manifestly bent 
after a few hours towards the little hole. 

A more severe trial was now made ; little tubes of 
very thin glass, closed at their upper ends and coated 
with black varnish, were slipped over the cotyledons 
of Phalaris (which had germinated in darkness) and 
just fitted tliem. Narrow stripes of the varnish had 
been previously scraped off one side, through which 
alone light could enter ; and their dimensions were 
afterwards measured under the microscope. As a 
control experiment, similar unvarnished and trans- 
parent tubes were tried, and they did not prevent the 
cotyledons bending towards the light. Two cotyledons 
were placed before a south-west window, one of which 
was illuminated by a stripe in the varnish, only -004 
inch (0-1 mm.) in breadth and -016 inch (0-4 mm.) in 
length ; and the other by a stripe -008 inch in breadth 
and -06 inch in length. The seedlings were examined 
after an exposure of 7 h. 40 m., and were found to be 
manifestly bowed towards the light. Some other coty- 
ledons were at the same time treated similarly, ex- 
cepting that the little stripes were directed not to the 
sky, but in such a manner that they received only the 
diffused light from the room ; and these cotyledons did 
not become at all bowed. Seven other cotyledons were 
illuminated through narrow, but comparatively long, 
cleared stripes in the varnish — namely, in breadth 
between '01 and ’026 inch, and in length between '15 
and ‘3 inch ; and these all became bowed to the side, 
by which light entered through the stripes, whether 
these were directed towards the sky or to one side of 
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the room. That light passing through a hole only 
•004 inch in breadth by '016 in length, should induce 
curvature, seems to us a surprising fact. 

Before we knew how extremely sensitive the coty- 
ledons of Phalaris were to light, we endeavoured to 
trace their circumuutation in darkness by the aid of 
a small wax taper, held for a minute or two at each 
observation in nearly the same position, a little on the 
left side in front of the vertical glass on which the 
tracing was made. The seedlings were thus observed 
seventeen times in the course of the day, at intervals of 
from half to three-quarters of an hour ; and late in the 
evening we were surprised to find that all the 29 coty- 
ledons were greatly curved and pointed towards the 
vertical glass, a little to the left where the taper had 
been held. The tracings showed that they had tra- 
velled in zigzag lines. Thus, an exposure to a feeble 
light for a very short time at the above specified 
intervals, sufficed to induce well-marked heliotropism. 
An analogous case was observed with the hypocotyls 
of Solanum lycopersicum. We at first attributed this 
result to the after-effects of the light on each occasion ; 
but since reading Wiesner’s observations,* which will 
be referred to in the last chapter, we cannot doubt that 
an intermittent light is more efficacious than a con- 
tinuous one, as plants are especially sensitive to any 
contrast in its amount. 

The cotyledons of Phalaris bend much more slowly 
towards a very obscure light than towards a bright 
one. Thus, in the experiments with seedlings placed 
in a dark room at 12 feet from a very small lamp, they 
were just perceptibly and doubtfully curved towards it 
after 3 h., and only slightly, yet certainly, after 4 h, 

• ‘ Sitz. dor k. Aknd. dor Wisrenscli.’ ' Vienna), Jan. 1 880, p. 12. 
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After 8 li. 40 m. the chords of their arcs were deflected 
from the perpendicular by an average angle of only 
16\ Had the light been bright, they would have 
become much more curved in between 1 and 2 h. 
Several trials were made with seedlings placed at 
various distances from a small. lamp in a dark room; 
but we will give only one trial. Six pots were placed 
at distances of 2, 4, 8, 12, 16, and 20 feet from the 
lamp, before which they were left for 4 h. As light 
decreases in a geometrical ratio, the seedlings in the 
2nd pot received 1th, those in the 3rd pot 
those in the 4th ^th, those in the 5th those 

in the 6th -rhrfli received by the seedlings in 

the first or nearest pot. Therefore it might have been 
expected that there would have been an immense differ- 
ence in the degree of their heliotropic curvature in the 
several pots ; and there was a well-marked difference 
between those which stood nearest and furthest from 
the lamp, but the difference in each successive pair of 
pots was extremely small. In order to avoid prejudice, 
we asked three persons, who knew nothing about the 
experiment, to arrange the pots in order according to 
the degree of curvature of the eotyledons. The first 
])crson arranged them in proper order, but doubted 
long between the 12 feet and 16 feet pots ; yet these 
two received light in the proportion of 36 to 64. The 
second person also arranged them properly, but 
doubted between the 8 feet and 12 feet pots, which 
received light in the proportion of 16 to 36. The 
third person arranged them in wrong order, and 
doubted about four of the pots. This evidence shows 
conclusively how little the curvature of the seedlings 
differed in the successive pots, in comparison with the 
great difterence in the amount of light which they 
received; and it should be noted that there was no 
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excess of superfluous light, for the cotyledons became 
but little and slowly curved even in the nearest pot. 
Close to the 6th pot, at the distance of 20 feet from 
the lamp, the light allowed us just to distinguish 
a dot 3'56 mm. (’14 inch) in diameter, made with 
Indian ink on white paper, but not a dot 2'29 mm. 
(•09 inch) in diameter. 

The degree of curvature of the cotyledons of Phalaris 
within a given time, depends not merely on the 
amount of lateral light which they may then receive, 
but on that which they have previously received from 
above and on all sides. Analogous facts have been 
given with respect to the nyctitropic and jieriodic 
movements of plants. Of two pots containing seedlings 
of Phalaris which had germinated in darkness, one was 
still kept in the dark, and the other was exposed (Sept. 
26th) to the light in a greenhouse during a cloudy day 
and on the following bright morning. On this morn- 
ing (27th), at 10.30 a.m., both pots were placed in a 
box, blackened within and open in front, before a 
north-east window, protected by a linen and muslin 
blind and by a towel, so that but little light was 
admitted, though the sky was bright. Whenever the 
pots were looked at, this was done as quickly as pos- 
sible, and the cotyledons were then held transversely 
with respect to the light, so that their curvature could 
not have been thus increased or diminished. After 
50 m. the seedlings which had previously been kept 
in darkness, were perhaps, and after 70 m. were cer- 
tainly, curved, though very slightly, towards the 
window. After 85 m. some of the seedlings, which 
had previously been illuminated, were perhaps a little 
affected, and after 100 m. some of the younger ones 
were certainly a little curved towards the light. At 
this time (i.e. after 100 m.) there was a plain difference 
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in the cm-vature of the seedlings in the two pots. 
After 2 h. 12 m. the chords of the arcs of four of 
the most strongly curved seedlings in each pot were 
measured, and the mean angle from the perpendicular 
of those which had previously been kept in darkness 
was 19’, and of those which had previously been illu- 
minated only 7’. Nor did this difference diminish 
during two additional houi-s. As a check, the seed- 
lings In both pots were then placed in complete dark- 
ness for two hours, in order that apogeotropism should 
act on them ; and those in the one pot which were 
little curved became in this time almost completely 
upright, whilst the more curved ones in the other pot 
still remained plainly curved. 

Two days afterwards the experiment was repeated, 
with the sole difference that even less light was 
admitted through the window, as it was protected by a 
linen and muslin blind and by two towels ; the sky, 
moreover, was somewhat less bright. The result was 
the same as before, excepting that everything occurred 
rather slower. The seedlings which had been pre- 
viously kept in darkness were not in the least curved 
after 54 m., but were so after 70 m. Those which had 
previously been illuminated were not at all affected 
until loO m. had elapsed, and then only slightly. 
After 145 m. some of the seedlings in this latter pot 
were certainly curved towards the light ; and there 
was now a plain difference between the two pots. After 
3 h. 45 m. the chords of the arcs of 3 seedlings in 
each pot were measured, and the mean angle from the 
perpendicular was 16’ for those in the pot which had 
previously been kept in darkness, and only 5’ for 
those which had previously been illuminated. 

The curvature of the cotyledons of Phalaris towards 
a lateral light is therefore certainly influenced by the 
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degree to which they have been previously illu- 
minated. We shall presently see that the influence 
of light on their bending continues for a short time 
after the light has been extinguished. These facts, as 
well as that of the curvature not increasing or de- 
creasing in nearly the same ratio with that of the 
amount of light which they receive, as shown in the 
trials with the plants before the lamp, all indicate 
that light acts on them as a stimulus, in somewhat 
the same manner as on the nervous system of animals, 
and not in a direct manner on the cells or cell-walls 
which by their contraction or expansion cause the 
curvature. 

It has already been incidentally shown how slowly 
the cotyledons of Phalaris bend towards a very dim 
light ; but when they were placed before a bright 
paraffin lamp their tips were all curved rectangularly 
towards it in 2 h. 20 m. The hypocotyls of Solanum 
lycopersicum had bent in the morning at right angles 
towards a north-east window. At 1 p.m. (Oct. 21st) the 
pot was turned round, so that the seedlings now pointed 
from the light, but by 5 p.m. they had reversed their 
curvature and again pointed to the light. They had 
thus passed through 180° in 4 h., having in the 
morning previously passed through about 90°. But the 
reversal of the first half of the curvature will have 
been aided by apogeotropism. Similar cases wore 
observed with other seedlings, for instance, with those 
of Sinapis alba. 

We attempted to ascertain in how short a time 
light acted on the cotyledons of Phalaris, but this 
was difficult on account of their rapid circumnutating 
movement ; moreover, they differ much in sensibility, 
pxjcording to age ; nevertheless, some of our observa- 
tions are worth giving. Pots with seedlings were 
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placed under a microscope provided with an eye-piece 
micrometer, of which each division equalled y.'.Tfth of an 
inch (O'Ool mm.) ; and they were at firet illuminated 
by light from a paraffin lamp passing through a solu- 
tion of bichromate of potassium, which does not induce 
heliotropism. Thus the direction in which the coty- 
ledons were circumnutating could be observed inde- 
pendently of any action from the light ; and they could 
be made, by turning round the pots, to circumnutate 
transversely to the line in which the light would strike 
them, as soon as the solution wias removed. The fact 
that the direction of the circumnutating movement 
might change at any moment, and thus the plant 
might bend either towards or from the lamp indepen- 
dently of the action of the light, gave an element of 
uncertainty to the results. After the solution had 
been removed, five seedlings which were circumnutat- 
ing transversely to the line of light, began to move 
towards it, in 6, 4, 7i, 6, and 9 minutes. In one of 
these cases, the apex of the cotyledon crossed five 
of the divisions of the micrometer (i.e. ^^ixT^h of an 
inch, or 0'254 mm.) towards the light in 3 m. Of two 
seedlings which were moving directly from the light at 
the time when the solution was removed, one began to 
move towards it in 13 m., and the other in 15 m. 
This latter seedling was observed for more than an 
hour and continued to move towards the light; it 
crossed at one time 5 divisions of the micrometer 
(0 “254 mm.) in 2 m. 30 s. In all these cases, the 
movement towards the light was extremely unequal in 
rate, and the cotyledons often remained almost sta- 
tionary for some minutes, and two of them retrograded 
a little. Another seedling which was circumnutating 
transversely to the line of light, moved towards it in 
4 m. after the solution was removed ; it then remained 
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almost stationary for 10 m. ; then crossed 5 divisions 
of the micrometer in 6 m. ; and then 8 divisions in 
11 m. This unequal rate of movement, interrujited 
by pauses, and at first with occasional retrogressions, 
accords well with our conclusion that heliotropism 
consists of modified circumnutation. 

In order to observe how long the after-effects of 
light lasted, a pot with seedlings of Phalaris, which 
had germinated in darkness, was placed at 10.40 a.m. 
before a nortli-east window, being protected on all 
other sides from the light; and the movement of a 
cotyledon was traced on a horizontal glass. It cir- 
cumnutated about the same space for the first 24 m., 
and during the next 1 h. 33 m. moved rapidly towards 
the light. The light was now (i.e. after 1 h. 57 m.) 
completely excluded, but the cotyledon continued 
bending in the same direction as before, certainly for 
more than 15 m., probably for about 27 m. The doubt 
arose from the necessity of not looking at the seed- 
lings often, and thus exposing them, though momen- 
tarily, to the light. This same seedling was now kept 
in the dark, until 2.18 P.M., by which time it had 
reacquired through apogeotropism its original upright 
position, when it was again exposed to the light from 
a clouded sky. By 3 p.m. it had moved a very short 
distance towards the light, but during the next 45 m. 
travelled quickly towards it. After this exposure of 
1 h. 27 m. to a rather dull sky, the light was again 
completely excluded, but the cotyledon continued to 
bend in the same direction as before for 14 m. within 
a very small limit of error. It was then placed in 
the dark, and it now moved backwards, so that after 
1 h. 7 m. it stood close to where it had started from at 
2.18 P.M. These observations show that the coty- 
ledons of Phalaris, after being exposed to a lateral 
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light, continue to bend in the same direction for 
between a quarter and half an hour. 

In the two experiments just given, the cotyledons 
moved backwards or from the window shortly after 
being subjected to darkness ; and whilst tracing the 
circumnutation of various kinds of seedlings exposed 
to a lateral light, we repeatedly observed that late in 
ihe evening, as the light waned, they moved from it. 
This fact is shown in some of the diagrams given in 
the last chapter. "We wished therefore to learn whether 
this was wholly due to apogeotropism, or whether an 
organ after bending towards the light tended from 
any other cause to bend from it, as soon as the light 
failed. Accordingly, two pots of seedling Phalaris 
and one pot of seedling Brassica were exposed for 8 h. 
before a paraffin lamp, by which time the cotyledons 
of the former and the hypocotyls of the latter were bent 
rectangularly towards the light. The pots were now 
quickly laid horizontally, so that the upper parts of 
the cotyledons and of the hypocotyls of 9 seedlings 
projected vertically upwards, as proved by a plumb-line. 
In this position they could not be acted on by apo- 
geotropism, and if they possessed any tendency to 
straighten themselves or to bend in opposition to their 
former heliotropic curvature, this would be exhibited, 
for it would be opposed at first very slightly by apogeo- 
tropism. They were kept in the dark for 4 h., during 
which time they were twice looked at ; but no uniform 
bending in opposition to their former heliotropic 
curvature could be detected. We have said uniform 
bending, because they circumnutated in their new 
position, and after 2 h. were inclined in difierent 
directions (between 4° and 11°) from the perpendicular. 
Their directions were also changed after two additional 
hours, and again on the following morning. We may 
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therefore conclude that the bending back of plants 
from a light, when this becomes obscure or is extin- 
guislied, is wholly due to apogeotropism.* 

In our various experiments we were often struck 
with the accuracy witli which seedlings pointed to a 
light although of small size. To test this, many seed- 
lings of Phalaris, which had germinated in darkness in 
a very narrow box several feet in length, were placed 
in a darkened room near to and in front of a lamp 
having a small cylindrical wick. The cotyledons at 
the two ends and in the central part of the box, would 
therefore have to bend in wid(dy diflerent directions 
in order to point to the iiglit. After they had become 
rectangularly bent, a long white thread was stretched 
by two persons, close over and parallel, first to one and 
tlicn to another cotyledon ; and the thread was found 
in almost every case actually to intersect tlnj, small 
circular wick of the now extinguished lamp. The 
deviation from accuracy never exceeded, as far as we 
could judge, a degree or two. This extreme accuracy 
seems at first surprising, but is not really so, for an 
upright cylindrical stem, whatever its position may 
be with respect to the light, would have exactly half 
its circumference illuminated and half in shadow ; and 
as tlie difference in illumination of the two sides is 
the exciting cause of heliotropism, a cylinder would 
naturally bend with much accuracy towards the light. 
The cotyledons, however, of Phalaris are not cylin- 
drical, but oval in section ; and the longer axis was 
to the shorter axis (in the one which was measured) 
as 100 to 70. Nevertheless, no difference could be 

" It appe irs from a refeierce heliotropically is at the same time 
ill Wicsiier (‘ Die Umlulireuile striving, through apogeolropisra, 
Nutation der IiiternoUien,’ p. 7), to raise itself into a vertical posi- 
that M. Miiller of Thurgau found tiou. 
that a stem which is bending 



© The Complete Work of Charles Darwin Online 



4f)fi SEXSITIVEXESS TO LIGHT. Cdap. IX. 

detected in the accuracy of their bending, whether 
they stood with tlicir broad or narrow side.s facing 
the light, or in any intermediate position ; and so it 
was with the cotyledons of Avena sativa, which are 
likewise oval in section. Now, a little reflection will 
show that in whatever position the cotyledons may 
stand, there will be a line of greatest illumination, 
exactly fronting the light, and on each side of this 
line an equal amount of light will be received ; but 
if the oval stands obliquely with respect to the light, 
this will be dift’used over a wider surface on one side 
of the central line than on the other. We may there- 
fore infer that the same amount of light, whether 
difi'used over a wider surface or concentrated on a 
smaller surface, produces exactly the same effect ; for 
the cotyledons in the long narrow box stood in all 
sorts of positions with reference to the light, yet all 
jiointed truly towards it. 

That the bending of the cotyledons to the light 
depends on the illumination of one whole side or on 
the obscuration of the whole opposite side, and not on 
a narrow longitudinal zone in the line of the light 
being aft'ected, was shown by the effects of painting 
longitudinally with Indian ink one side of five coty- 
ledons of Phalaris. These were then placed on a table 
near to a south-west window, and the painted half was 
directed either to the right or left. The result was that 
instead of bending in a direct line towards the window, 
they were deflected from the window and towards the 
unpainted side, by the following angles, 35°, 83°, 31°, 
43’, and 39°. It should be remarked that it was hardly 
possible to paint one-half accurately, or to place all 
the seedlings which are oval in section in quite the 
same position relatively to the light; and this will 
account for the diflerences in the angles. Five coty- 
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ledons of Avena were also painted in the Same manner, 
but with greater care; and they were laterally de- 
flected from tlie lino of the window, towards the 
unpainted side, by the following angles, 44°, 44°, 55°, 
51°, and 57°. This deflection of the cotyledons from 
the window is intelligible, f<.)r the whole rmpainted 
side must have received some light, whereas the ojipo- 
site and painted side received none ; but a narrow 
zone on the unpainted side dircctly«in front of the 
window will have received most light, and all the 
hinder parts (half an oval in section) less and less light 
in varying degrees; and we may conclude that the 
angle of deflection is the resultant of the action of the 
light over the whole of the unpainted side. 

It shoidil have been premised that painting with 
Indian ink does not injure plants, at least within 
several hours ; and it could injure them only by stop- 
ping respiration. To ascertain whether injmy was thus 
soon caused, the upper halves of 8 cotyledons of Avena 
were thickly coated with transparent matter, — 4 with 
gum, and 4 with gelatine ; they were placed in the 
morning before a window, and by the evening they 
were normally bowed towards the light, although the 
coatings now consisted of dry crusts of gum and 
gelatine. Moreover, if the seedlings which were painted 
longitudinally with Indian ink had been injured on 
the painted side, the opposite side would have gone 
on grow ing, and they would consequently have become 
bowed towards the painted side ; whereas the curvature 
was always, as we have seen, in the opposite direction, 
or towards the unpaintod side which was exposed to 
the light. We w itnessed the effects of injuring longi- 
tudinally one side of the cotyledons of Avena and 
Phalaris ; for before we knew that grease was highly 
injurious to them, several were painted down one side 
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with a mixture of oil and lamp-black, and were then 
exposed before a window ; others similarly treated were 
afterwards tried in darkness. These cotyledons soon 
became plainly bowed towards the blackened side, 
evidently owing to the grease on this side having 
cheeked their growth, whilst growth eontinued on the 
opposite side. But it deserves notice that the curva- 
ture differed from that eaused by light, whieh ulti- 
mately becomes abi’upt near the ground. These 
seedlings did not afterwards die, but were much injured 
and grew badly. 

Localised Sensitiveness to Light, and its 

TRANSMITTED EFFECTS. 

Phalaris Canariensis . — Whilst observing the accu- 
racy with which the cotyledons of this plant became 
bent towards the light of a small lamp, we were 
impressed u ith the idea that the uppermost part deter- 
mined the direetion of the eurvature of the lower part. 
When the cotyledons are exposed to a lateral light, 
the upper part bends first, and afterwards the bending 
gradually extends down to the base, and, as we shall 
presently see, even a little beneath the ground. 
This holds good with cotyledons from less than 
•1 inch (one was observed to act in this manner which 
was only ‘03 in height) to about '5 of an inch in 
height ; but when they have grown to nearly an inch 
in height, the basal part, for a length of do to '2 of 
an inch above the ground, ceases to bend. As with 
young cotyledons the lower part goes on bending, 
after the upper part has become well arched towards 
a lateral light, the apex would ultimately point to 
the ground instead of to the light, did not the upper 
part reverse its curvature and straighten itself, as 
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soon as the upper convex surfoce of the bowed- 
donn portion received more light than the lower 
concave surface. The position ultimately assumed by 
young and upright cotyledons, exposed to light enter- 
ing obliquely from above through a window, is shomi 
in the accompanying figure (Fig. 181) ; and here it 
may be seen that the whole upper part has become 
very nearly straight. When the cotyledons were 
exposed before a bright lamp, standing on the same 
level with them, the upper i^art, which was at first 



Fig. 181. 




Phifarls Canariensis ; cotyledons after exposure in a box open on one side 
in front of a south-west window during 8 h. Curvature towards the 
light accurately traced. The short horizontal lines show the level of 
the cround. ^ 



greatly arched towards the light, became straight and 
strictly parallel with the surface of the soil in the 
pots ; the basal part being now rectangularly bent. 
All this great amount of curvature, together with the 
subsequent straightening of the upper part, was often 
efiected in a few hours. 



After the uppermost part has become bowed a little to the 
light, its overhanging weight must tend to increase tlie curva- 
tm'e of the lower part ; but any such effect was shown in several 
ways to be quite insignificant. When little caps of tin-foil 
(hereafter to be described) were placed on the summits of the 
cotyledons, though this must have added considerably to their 
weight, the rate or amount of bending was not thus increased. 
But the best evidence was afforded by placing pots with seedlings 
of Phalaris before a lamp in such a position, that the cotyledons 
were horizontally extended and projected at right angles to the 
line of light. . In the comse of 5i h. they were directed towai’ds 
the light with their bases bent at right angles ; and this abrupt 
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curvature could not have been aided in the least by the weight 
of the upper part, which acted at right angles to the plane of 
curvature. 

It will be shown that when the upper halves of the coty- 
ledons of Phalaris and Avena were enclosed in little pipes of 
tin-foil or of blackened glass, in which case the upper part was 
mechanically prevented from bending, the lower and unenclosed 
part did not bend when exposed to a lateral light; and it 
occurred to us that this fact might be due, not to the exclusion 
of the light from the upper part, but to some necessity of the 
bending gradually travelling down the cotyledons, so that 
unless the upper part first became bent, the lower could not 
bend, however much it might be stimulated. It was necessary 
for our purpose to ascertain whether this notion was true, and it 
was proved false ; for the lower halves of several cotyledons 
became bowed to the light, although their upper halves were 
enclosed in little glass tubes (not blackened), which prevented, 
as far as we could judge, their bending. Nevertheless, as the 
part within the tube might possibly bend a very little, fine rigid 
rods or flat splinters of thin glass were cemented with shellac to 
one side of the upper part of 15 cotyledons ; and in six cases 
they were in addition tied on with threads. They were thus 
forced to remain quite straight. The result was that the lower 
halves of all became bowed to the light, but generally not in so 
great a degree as the corresponding part of the free seedlings 
in the same pots ; and this may perhaps be accounted for by 
some slight degree of injury having been caused by a consider- 
able surface having been smeared with shellac. It may be 
added, that when the cotyledons of Phalaris and Avena are 
acted on by apogeotropism, it is the upper part which begins 
first to bend; and when this part was rendered rigid in the 
manner just described, the upward curvature of the basal part 
was not thus prevented. 

To test our belief that the upper part of the cotyledons of 
Phalaris, when exposed to a lateral light, regulates the bending 
of the lower part, many experiments were tried; but most of our 
first attempts proved useless from various causes not worth 
specifying. Seven cotyledons had their tips cut off for lengths 
varying between T and T6 of an inch, and the.se, when left 
exposed all day to a lateral light, remained upright. In another 
set of 7 cotyledons, the tips were cut off for a length of only 
about '05 of an inch (1-27 mm.) and these became bowed towards 
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a lateral light, but not nearly so much as the many other seed- 
lings in the same pots. This latter case shows that cutting off 
the tips does not by itself injure the plants so seriously as to 
prevent heliotropism ; but we thought at the time, that such 
injury might follow when a greater length was cut off, as in the 
first set of experiments. Therefore, no more trials of this kind 
were made, which we now regret ; as we afterwards found that 
when the tips of three cotyledons were cut off for a length of 
•2 inch, and of four others for lengths of ‘14, -12, '1, and '07 
inch, and they were extended horizontally, the amputation did 
not interfere in the least with their bending vertically upwards, 
through the action of apogeotropism, like unmutilated speci- 
mens. It is therefore extremely improbable that the amputation 
of the tips for lengths of from ■! to ‘14 inch, could from the 
injury thus caused have prevented the lower part from bending 
towards the light. 

We next tried the effects of covering the upper part of the 
cotyledons of Plialaris with little caps wliich were impermeable 
to light ; the whole lower part being left fully exposed before a 
south-west window or a bright paraffin lamp. Some of the caps 
were made of extremely thin tin-foil blackened witlifn; these 
had the disadvantage of occasionally, though rarely, being too 
heavy, especially when twice folded. The basal edges could be 
pressed into close contact with the cotyledons ; though this 
again required care to prevent injuring them. Nevertheless, 
any injury thus caused could be detected by removing the caps, 
and trying whether the cotyledons were then sensitive to light. 
Other caps were made of tubes of the thinnest glass, which 
when painted black served w'ell, with the one great disadvantage 
that the lower ends could not be closed. But tubes were used 
which fitted the cotyledons almost closely, and black paper was 
placed on the soil round each, to check the upward reflection of 
light from the soil. Such tubes were in one respect far better 
than caps of tin-foil, as it was possible to cover at the same 
time some cotyledons with transparent and others with opaque 
tubes ; and thus our experiments could be controlled. It should 
be kept in mind that young cotyledons were selected for trial, 
and that these when not interfered with become bowed down 
to the ground towards the light. 

We will begin with the glass-tubes. The summits of nine 
cotyledons, differing somewhat in height, were enclosed for 
rather less than half their lengths in uncoloured or transparent 
21 



© The Complete Work of Charles Darwin Online 



472 TKANSMITTED EFFECTS OF LIGUT Ciur. IX. 



tubes ; and these were then exposed tefore a south-west window 
on a bright day for 8 h. All of them became strongly curved 
towards the light, in the same degree as the many other free 
seedlings in the same pots ; so that the glass-tubes certainly did 
not prevent the cotyledons from bonding towards the light. 
Nineteen other cotyledons were, at the same time, similarly 
enclosed in tubes thickly painted with Indian ink. On five of 
them, the paint, to our surprise, contracted after exposure 
to the sunlight, and very narrow cracks were formed, through 
which a little light entered ; and these five oases were rejected. 
Of the remaining 14 cotyledons, the lower halves of which had 
been fully exposed to the light for the whole time, 7 continued 
quite straight and upright ; 1 was considerably bowed to the 
light, and 6 were slightly bowed, but with the exposed bases of 
most of them almost or quite straight. It is possible that some 
light may have been reflected upwards from the soil and entered 
the bases of these 7 tubes, as the sun shone brightly, though 
bits of blackened paper had been placed on the soil round 
them. Nevertheless, the 7 cotyledons which were slightly 
bowed, together with the 7 upright ones, presented a most re- 
markable contrast in appearance with the many other seedlings 
in the same pots to which nothing had been done. The 
blackened tubes were then removed from 10 of these seedlings, 
and they were now exposed before a lamp for 8 h. : 9 of them 
became greatly, and 1 moderately, curved towards the light, 
proving that the previous absence of any curvature in the 
basal part, or the presence of only a slight degree of curvature 
there, was due to the exclusion of light from the upper part. 

Similar observations were made on 12 younger cotyledons 
with their upper halves enclosed within glass-tubes coated with 
black varnish, and with their lower halves fully exposed to 
briglii sunshine. In these younger seedlings the sensitive zone 
seems to extend rather lower down, as was observed on some 
other occasions, for two became almost as much curved towards 
the light as the free seedlings; and the remaining ten were 
slightly curved, although the basal part of several of them, 
which normally becomes more curved than any other part, 
exhibited hardly a trace of curvature. These 12 seedlings 
taken together differed greatly in their degree of curvature froni 
all the many other seedlings in the same pots. 

Better evidence of the efficiency of the blackened tubes was 
incidentally afforded by some experiments hereafter to bo given. 
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in which the upper halves of 14 cotyledons were enclosed in 
tubes from which an extremely narrow stripe of the black 
varnish had been scraped off. These cleared stripes were 
not directed towards the window, but obliquely to one side 
of the room, so that only a very little light could act on the 
upper halves of the' cotyledons. These 14 seedlings remained 
during eight hours of exposure before a south-west window on 
a hazy day quite upright; whereas all the other many free 
seedlings in the same pots became greatly bowed towards the 
light. 

We will now turn to the trials with caps made of very thin 
tin-foil. These were placed at different times on the summits of 
24 cotyledons, and they extended down for a length of between 
•15 and ’2 of an inch. The seedlings were exposed to a lateral 
light for periods varying between 6 h. 30 m. and 7 h. 45 m., 
which sufficed to cause all the other seedlings in the same pots 
to become almost rectangularly bent towards the light. They 
varied in height from only ’04 to 115 inch, but the greater 
number were about -75 inch. Of the 24 cotyledons with their 
summits thus protected, 3 became much bent, but wrt in the 
direction of the light, and as they did not straighten themselves 
through apogeotropisni during the following night, either the 
caps were too heavy or the plants themselves were in a weak 
condition; and these three cases may bo excluded. There 
arc left for consideration 21 cotyledons ; of these 17 remained 
all the time quite upright; the other 4 became slightly inclined 
to the light, but not in a degree comparable with that of the 
many free seedlings in the same pots. As the glass-tubes, when 
unpainted, did not prevent the cotyledons from becoming 
greatly bowed, it cannot be supposed that the caps o*" very 
thin tin-foil did so, except through the exclusion of the light. 
To prove that the plants had not been injured, the caps. were 
rcmovctl from 6 of the upright seedlings, and these were exposed 
before a paraffin lamp for the same length of time as before, 
and they now all Ixjcamo greatly cui-ved towards the light. 

As caps between -15 and -2 of an inch in depth were thus 
proved to bo highly efficient in preventing the cotyledons from 
bending towards the light, 8 other cotyledons were protected 
with caps between only 'OG and 12 in depth. Of these, two 
remained vertical, one was considerably and five slightly curved 
towards the light, but far less .so than the free seedlings in the 
same pots. 
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Another trial -was made in a different manner, namely, by 
bandaging with strips of tin-foil, aliout '2 in bi-eadth, the upper 
part, but not the actual summit, of eight moderately young 
seedlings a little over half an inch in height. The summits and 
the basal parts were thus left fully exposed to a lateral light 
during 8 h. ; an upper intermediate zone being protected. 
With four of these seedlings the summits were exposed for 
a length of '05 inch, and in two of them this part became 
curved towards the light, but the whole lower part remained 
quite upright; whereas the entire length of the other two 
seedlings became slightly curved towards the light. The 
summits of the four other seedlings were exposed for a length 
of ‘04 inch, and of these one remained almost upright, whilst 
the other three became considerably curved towards the light. 
Tho many free seedlings in the same pots were all greatly 
curved towards the light. 

From these several sets of experiments, including those with 
the glass-tubes, and those when the tips were cut off, wq may 
infer that tho exclusion of light from the upper part of the 
cotyledons of Phalaris prevents the lower part, though fully 
exposed to a lateral light, from becoming curved. The summit 
for a length of '04 or ‘05 of an inch, though it is itself sensitive 
and curves towards the light, has only a slight power of causing 
the lower part to bend. Nor has the exclusion of light from tho 
summit for a length of '1 of an inch a strong influence on the 
curvature of tho lower part. On the other hand, an exclusion 
for a length of between '15 and '2 of an inch, or of the whole 
upper half, plainly prevents the lower and fully illuminated 
part from becoming curved in the manner (see Fig. 181) which 
invariably occurs when a free cotyledon is exposed to a lateral 
light. With very young seedlings the sensitive zone seems to 
extend rather lower down relatively to their height than in older 
seedlings. We must therefore conclude that when seedlings 
are freely exposed to a lateral light some influence is trans- 
mitted from the upper to the lower part, causing the latter to 
bend. 

This conclusion is supported by what may be seen to occur 
on a small scale, especially with young cotyledons, without any 
artificial exclusiou of the light ; for they bend beneath the earth 
where no light can enter. Seeds of Phalaris were covered 
with a layer one-fourth of. an inch in thickness of very' fine 
sand, consisting of extremely minute grains of silex coated with 
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oxide of iron. A layer of this sand, moistened to the same 
degree as that over the seeds, was spread over a glass-plate ; and 
when the layer was '05 of an inch in thickness (carefully mea- 
sured) no light from a briglit sky could be seen to pass through 
it, unless it was viewed through a long blackened tube, and 
then a trace of light could lie detected, but probably much too 
little to affect any plant. A layer -1 of an inch in thickness was 
quite impermeable to light, as judged by the eye aided by the tube. 
It may be worth adding that the layer, when dried, remained 
equally impermeable to light. This sand yielded to very slight 
jiressure whilst kept moist, and in this state did not contract 
or crack in the least. In a first trial, cotyledons which had 
grown to a moderate height were exposed for 8 h. before a paraffin 
lamp, and they became greatly bowed. At their bases on the 
shaded side opposite to the light, well-defined, cresceutic, oiien 
farrows were formed, which (measured under a microscope with 
a micromctei’) were from Oil to 03 of an inch in breadth, and 
these had evidently been left by the bending of the buried bases 
of the cotyledons towards the light. On the side of the light 
the cotyledons were in close contact with the sand, wlt-ich was a 
very little heaped up. By removing with a sharp knife the 
sand on one side of the cotyledons in the line of the light, the 
bent portion and the open furrows were found to extend down 
to a depth of about T of an inch, where no light could enter. 
The chords, of the short buried arcs formed in four cases angles 
of 11°, 13^, 15°, and 18°, with the perpendicular. By the 
following morning these short bowed portions had straightened 
themselves through apogeotropism. 

In the next trial much younger cotyledons were similarly 
treated, but were exposed to a rather obscure lateral light. 
After some hours, a bowed cotyledon, '3 inch in height, had an 
open furrow on the shaded side ‘Ol inch in breadth; another 
cotyledon, only -13 inch in height, had left a funw ’02 inch in 
breadth. But the most curious case was that of a cotyledon which 
had just protruded aliove the ground and was only ’03 inch in 
height, and this was found to be bowed in the direction of the 
light to a depth of 2 of an inch beneath the surface. From 
what w’e know of the impermeability of this sand to light, the 
upper illuminated part in these several cases must have deter- 
minad the curvature of the lower buried portions. But an 
apparent cause of doubt may be suggested : as the cotyledons 
are continually circumnutating, they tend to form a minute 
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crack or furrow all round their bases, which would admit a 
little light on all sides; but this would not happen when they 
were illuminated laterally, for we know that they quickly bend 
towards a lateral light, and they then press so firmly against the 
sand on the illuminated side as to furrow it, and this w'ould 
effectually exclude light on this side. Any light admitted on 
the opjiosite and shaded side, where an open furrow is formed, 
would tend to counteract the curvature towards the lamp or 
other source of the light. It may be added, that the use of fine 
moist sand, which yields easily to pressure, was indispensable 
in the above experiments ; for seedlings raised in common soil, 
not kept especially damp, and exposed for 9 h. 30 m. to a strong 
lateral light, did not form an open furrow at their bases on the 
shaded side, and were not bowed beneath the surface. 

Perhaps the most striking proof of the action of the upper 
on the lower part of the cotyledons of Phalaris, when laterally 
illuminated, was afforded by the blackened glass-tubes (before 
alluded to) with very narrow stripes of the varnish scraped 
off on one side, through which a little light was admitted. 
The breadth of these stripes or slits varied between -01 and 
•02 inch (-25 and '51 mm.). Cotyledons with their upper 
halves enclosed in such tulies were placed before a south-west 
window, in such a position, that the scraped stripes did not 
directly face the window, but obliquely to one side. The seed- 
lings were left exposed for 8 h., before the close of which time 
the many free seedlings in the same pots had become greatly 
bowed towards the window. Under these circumstances, the 
whole lower halves of the cotyledons, which had their summits 
enclosed in the tubes, were fully exposed to the light of the 
sky, whilst their upper halves received exclusively or chiefly 
diffused light from the room, and this only through a very 
narrow slit on one side. Now, if the curvature of the lower 
part had been determined by the illumination of this part, all 
the cotyledons assuredly would have become curved towards 
the window; but this was far from being the case. Tubes 
of the kind just described were placed on several occasions 
over the upper halves of 27 cotyledons ; 14 of them remained 
all the time quite vertical; so that sufScient diffused light 
did not enter through the narrow slits to produce any effect 
whatever; and they behaved in the same manner as if their 
upper halves had been enclosed in completely blackened tubes. 
The lower ha'ves of the 13 other cotyledons became bowed 
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not directly in the line of tlie window, but obliquely towards 
it ; one pointed at an angle of only 18°, but the remaining 12 
at angles varying between 45° and 62° from the line of the 
window. At the commencement of the experiment, pins had 
been laid on the earth in the direction towards which the slits in 
the varnish faced ; and in this direction alone a small amount 
of diffused light entered. At the close of the experiment, 7 of 
the bowed cotyledons pointed exactly in the line of the pins, 
and 6 of them in a line between that of the pins and that of the 
window. This intermediate position is intelligible, for any h'ght 
from the sky which entered obliquely through the slits would 
be much more efficient than the diffused light which entered 
directly through them. After the 8 h. exposure, the contrast 
in appearance between these 13 cotyledons and the many other 
seedlings in the same pots, which were all (excepting the above 
14 vertical ones) greatly bowed in straight and parallel lines 
towards the window, was extremely remarkable. It is therefore 
certain that a little weak light striking the upper halves of the 
cotyledons of Phalaris, is far more potent in determining the 
direction of the curvature of the lower halves, than the full 
illumination of the latter during the whole time of exposure. 

In confirmation of the above results, the effect of thickly 
painting with Indian ink one side of the upper part of thi-ee coty- 
ledons of Phalaris, fora length of 2 inch from their tips, may be 
worth giving. These were placed so that the unpainted surface 
was directed not towards the window, but a little to one side ; 
and they all became bent towards the unpainted side, and from 
the line of the window by angles amounting to 31°, 35°, and 83°. 
The curvature in this direction extended down to their bases, 
although the whole lower part was fully exposed to the light 
from the window. 

Finally, although there can be no doubt that the illumination 
of the upper part of the cotyledons of Phalaris greatly affects 
the power and manner of bending of the lower part, yet some 
observations seemed to render it probable that the simultaneous 
stimulation of the lower part by light greatly favours, or is 
almost necessary, for its well-marked curvature ; but our experi- 
ments were not conclusiv(% owing to the difficulty of excluding 
light from the lower halves without mechanically preventing 
their curvature. 

A vena sativa.— The cotyledons of this plant become quickly 
bowed towards a lateral light, exactly like those of Phalaris. 



© The Complete Work of Charles Darwin Online 



478 TRANSi<IITTED EFFECTS OF ITGUT. Ciup. IX. 



Experiments similar to the foregoing ones 'were tried, and wo 
will give the results as briefly as possible. They are somewhat 
less conehisive than in the case of Phalaris, and tliis may 
possibly be accounted for by the sensitive zone varying in exten- 
sion, in a species so long cultivated and variable as the common 
Oat. Cotyledons a little under three-quarters of an inch in 
height were selected for trial : six had their summits protected 
from light by tin-foil caps, ‘25 inch in depth, and two others by 
caps ‘3 inch in deptli. Of these 8 cotyledons, five remained 
upright during 8 hours of exposure, although their lower parts 
wore fully exposed to the light all the time; two were very slightly, 
and one considerably, bowed towards it. Caps only • 2 or ■ 22 inch 
in depth were placed over 4 other cotyledons, and now only one 
remained upright, one was slightly, and two considerably bowed 
to the light. In this and the following cases all the free seedlings 
in the same pots became greatly bow'ed to the light. 

Our next trial was made with short lengths of thin and 
fairly transparent quills ; for glass-tubes of sufficient diameter 
to go over the cotyledons would have been too heavy. Firstly, 
the summits of 13 cotyledons were enclosed in unpainted 
quills, and of these 11 became greatly and 2 slightly bowed 
to the light ; so that the mere act of enclosure did not prevent 
the lower part from becoming bowed. Secondly, the summits 
of 11 cotyledons were enclosed in quills '3 inch in length, painted 
so as to be impermeable to light; of these, 7 did not be- 
come at all inclined towards the light, but 3 of them were 
slightly bent more or less transversely with respect to the line 
of light, and these might perhaps have been altogether ex- 
cluded; one alone was slightly bowed towards the light. 
Painted quills, ‘25 inch in length, were placed over the summits 
of 4 other cotyledons ; of these, one alone remained upright, a 
second was slightly bowed, and the two others as much bowed 
to the light as the free seedlings in the same pots. These two 
latter cases, considering that the caps were ' 25 in length, are 
inexplicable. 

Lastly, the summits of 8 cotyledons were coated with flexible 
and highly transparent gold-beaters’ skin, and all became as 
much bowed to the light as the free seedlings. The summits of 
9 other cotydedons were similarly coated with gold-beaters’ skin, 
which Wiis then painted to a depth of between -25 and '3 inch, 
so as to be impermeable to light ; of these 5 remained upright, 
and 4 were well bowed to the light, almost or quite as well as 
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the free seedlings. These latter four cases, as well as the two 
iu the last paragraph, offer a strong exception to the rule that 
the illumination of the upper part determines the curvature of 
the lower part. Nevertheless, 5 of these 8 cotyledons remained 
quite upright, although their lower halves were fully illuminated 
all the time; and it would almost be a prodigy to find five free 
seedlings standing vertically after an exposure for several hours 
to a lateral light. 

The cotyledons of Avena, like those of Phalaris, when growing 
in soft, damp, fine sand, leave an open crescentric furrow on the 
shaded side, after bending to a lateral light ; and they become 
Iwwed beneath the surface at a depth to which, as we know, 
light cannot penetrate. The arcs of the chords of the buried 
bowed portions formed in two cases angles of 20° and 21° with 
the perpendicular. The open furrows on the shaded side were, 
in four cases, ’008, ’016, '024, and "024 of an inch in breadth. 

Brassica ohracea (Common Eed). — It will here be shown that 
the upper half of the hypocotyl of the cabbage, when illuminated 
by a lateral light, determines the cm-vaturo of the lower half. 
It is necessary to experimentise on young seedlings jibout half 
an inch or rather less iu height, for when grown to an inch and 
upwards the basal part ceases to bend. We first tried painting 
the hypocotyls with Indian ink, or cutting off their summits Tor 
various lengths ; but these experiments are not worth giving, 
though they confirm, as far as they can be trusted, the results 
of the following ones. These were made by folding gold-beaters’ 
skin once round the upper halves of young hypocotyls, and 
painting it thickly with Indian ink or with black grease. As 
a control experiment, the same transparent skin, left unpainted, 
was folded round the upper halves of 12 hypocotyls ; and these 
all liecame greatly curved to the light, excepting one, which was 
only moderately curved. Twenty other young hypocotyls hud 
the skin round their upper halves ])ainted, whilst their lower 
halves were left quite uncovered. These seedlings were then 
exposed, generally for between 7 and 8 h., in a box blackened 
within and open iu front, either before a south-west wdndow or 
a paraffin lamp. This exposure was amply sufficient, as was 
shown by the strongly-marked heliotrojiism of all the free seed- 
lings in the same pots; nevertheless, some were left exposed 
to the light for a much longer time. Of the 20 hypocotyls 
thus treated, 14 remained quite upright, and 6 became slightly 
bowed to the light ; but 2 of these latter cases were not really 
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exceptions, for on removing the skin the paint was found im- 
perfect and was penetrated by many small transparent spaces 
on the side which faced the light. Moreover, in two other ca.ses 
the painted skin did not extend quite halfway down the hypo- 
cotyl. Altogether there was a w'onderful contrast in the several 
pots between these 20 hypocotyls and the other many free 
seedlings, which were all greatly bowed down to their bases in 
the direction of the light, some being almost prostrate on the 
ground. 

The most successful trial on any one day (included in the 
above results) is worth describing in detail. Six young seed- 
lings were selected, the hypocotyls of which were nearly -45 inch, 
excepting one, which was • 6 inch in height, measured from the 
bases of their petioles to the ground. Their upper halves, 
judged as accurately as could be done by the eye, were folded 
once round with gold-beaters’ skin, and this was painted 
thickly with Indian ink. They were exposed in an otherwise 
darkened room before a bright paraffin lamp, which stood on 
a level with the two pots containing the seedlings. They 
were first looked at after au interval of 5 h. 10 m., and five 
of the protected hypocotyls were found quite erect, the sixth 
being very slightly inclined to the light ; whereas all the many 
free seedlings in the same two pots were greatly bowed 
to the light. They were again examined after a continuous 
exposure to the light of 20 h. 3.5 m.; and now the contrast 
between the two sets was wonderfully great ; for the free seed- 
lings had their hypocotyls extended almost horizontally in the 
direction of the light, and were curved down to the ground; 
whilst those with the upper halves protected by the painted 
skin, but with their lower halves fully exposed to the light, still 
remained quite upright, with the exception of the one which 
retained the same slight inclination to the light which it had 
before. This latter seedling was found to have been rather 
badly jiaintcd, for on the side facing the light the red colour 
of the hypocotyl could be distinguished through the paint. 

We next tried nine older seedlings, the hypocotyls of which 
varied between 1 and 1'6 inch in height. The gold-beaters’ 
skin round their upper parts was painted with black grease to 
a depth of only '3 inch, that is, from less than a third to a fourth 
or fifth of their total heights. They were exposed to the light 
for 7 h. 15 m.; and the result showed that the whole of the 
sensitive zone, which determines the curvature of the lower 
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part, was not protected from the action of the light ; for all 9 
became curved towards it, 4 of them very slightly, 3 moderately, 
and 2 almost as much as the unprotected seedlings. Neverthe- 
less, the whole 9 taken together differed plainly in their degree 
of curvature from the many free seedlings, and from some 
which were wrapped in unpainted skin, growing in the same 
two pots. 

Seeds were covered with about a quarter of an inch of the fine 
sand described imder Phalaris; and when the hypocotyls had 
grown to a height of between '4 and "55 inch, they were exposed 
during 9 h. before a paraffin lamp, their bases being at first 
closely surrounded by the damp sand. They all became bowed 
down to the ground, so that their upper parts lay near to and 
almost parallel to the surface of the soil. On the side of the 
light their bases were in close contact with the sand, which was 
here a very little heaijed up; on the opposite or shaded side 
there were open, crescentic cracks or furrows, rather above '01 
of an inch in width ; but they were not so sharp and regular 
as those made by Phalaris and Avcna, and therefore could not 
be so easily measured under the mieroscope. Tlio hypocotyls 
were found, when the sand was removed on one side, to be 
curved to a depth beneath the surface in three cases of at least 
• 1 inch, in a fourth case of • 11, and in a fifth of • 15 inch. The 
chords of the arcs of the short, buried, bowed portions formed 
angles of between 11° and 15° with the perpendicular. From 
what we have seen of the impermeability of this sand to light, 
the curvature of the hyjwcotyls certainly extended down to a 
depth where no light could enter; and the curvature must 
have been caused by an influence transmitted from the upper 
illuminated part. 

The lower halves of five young hypocotyls were surrounded by 
unpainted gold-beaters’ skin, and these, after an e.xposure of 8 h. 
before a paraffin lamp, all became as much bowed to the light 
as the free seedlings. The lower halves of 10 other young 
hypocotyls, similarly siUTOunded with the skin, were thickly 
painted with Indian ink; their upper and unprotected halves 
became well curved to the light, but their lower and protected 
halves remained vertical in all the cases excepting one, aud on 
this the layer of paint was imperfect. This result seems to 
prove that the influence transmitted from the upper part is 
not sufficient to cause the lower part to bend, unless it be at 
the same time filuminated ; but there remains the doubt, as in 
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the case of Plialaris, wliether the skin covered with a rather 
thick crust of dry Indian ink did not mechanically prevent 
their curvature. 

Btta vulgaris . — A few analogous experiments were tried on 
this plant, which is not very well adapted for the purpose, as the 
basal part of the hypocotyl, after it has grown to above half an 
inch in height, does not bend much on exposure to a lateral 
light. Four hypocotyls were surrounded close beneath their 
petioles with strips of thin tin-foil, '2 inch in breadth, and they 
remained upright all day before a paraffin lamp; two others' 
were surrounded with strips -I-') inch in breadth, and one of 
these remained upright, the other becoming bowed ; the band- 
ages in two other cases were only '1 inch in breadth, and both 
of these hyjrocotyls became bowed, though one only slightly, 
towards the light. The free seedlings in the same pots were 
all fairly well curved towards the light ; and during the follow- 
ing night became nearly upright. The pots were now turned 
round and placed before a window, so that the opposite sides 
of the seedlings were exposed to the light, towards which all 
the unprotected hj^poeotyls became bent in the course of 7 h. 
Seven out of the 8 seedlings with bandages of tin-foil remained 
upright, but one which had a bandage only • 1 inch in breadth, 
became curved to the light. On another occasion, the upper 
halves of 7 hypocotyls were surrounded with painted gold- 
beaters’ skin ; of these 4 remained upright, and 3 became a little 
curved to the light: at the same time 4 other seedlings sur- 
rounded with unpainted skin, as well as the free ones in the 
same pots, all became bowed towards the lamp, before which 
they had been exposed during 22 hours. 

Hadichs of Sitiapis alba . — The radicles of some plants are 
indifferent, as far as curvature is concerned, to the action of 
light; whilst others l>end towards and others from it.* Whether 
these movements are of any service to the plant is very doubtful, 
at least in the case of subterranean roots ; they probably result 
from the radicles being sensitive to contact, moisture, and gravi- 
tation, and as a consequence to other irritants which are never 
naturally encountered. The radicles of Siuajns 'alba, when 
immersed in water and exposed to a lateral light, bend from it, 
or are apheliotropic. They become bent for a length of about 
4 imu. from their tips. To ascertain whether this movement 



* Sachs, ‘Physiologie Vegetale,' 1868, p. 44. 
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generally occurred, 41 radicles, which had germinated in damp 
sawdust, were immersed in water and exposed to a lateral light ; 
and they all, with two doubtful exceptions, became curved from 
the light. At the same time the tips of 54 other radicles, 
similarly exposed, were just touched with nitrate of silver. 
They were blackened for a length of from '05 to '07 mm., and 
probably killed ; but it should be observed that this did not 
check materially, if at all, the growth of the upper part; for 
several, which were measured, increased in the course of only 
8-9 h. by 5 to 7 mm. in length. Of the 54 cauterised radicles 
one case w,os doubtful, 25 curved themselves from the light in 
the normal manner, and 28, or more than half, were not in the 
least apheliotropic. There was a considerable difference, which 
we cannot account for, in the results of the experiments tried 
towards the end of April and in the middle of September. 
Fifteen radicles (part of the above 54) were cauterised at the 
former period and were exposed to sunshine, of w'hich 12 failed 
to be apheliotropic, 2 were still aphehotropic, and 1 was doubt- 
ful. In September, 39 cauterised radicles were exposed to a 
northern light, being kept at a proper temperature; and now 
23 continued to be apheliotropic in the normal manner, and 
only 16 failed to bend from the light. Looking at the aggregate 
results at both periods, there can be no doubt that the de- 
struction of the tip for less than a millimeter in length destroyed 
in more than half the cases their power of moving from the 
light. It is probable that if the tips had been cauterised for 
the length of a whole millimeter, all signs of apheliotropism 
would have disappeared. It may be suggested that although 
the application of caustic does not stop growth, yet enough may 
be absorbed to destroy the power of movement in the upper 
part; but this suggestion must be rejected, for we have seen 
and shall again see, that cauterising one side of the tip of various 
kinds of radicles actually excites movement. The conclusion 
seems inevitable that sensitiveness to light resides in the tip 
of the radicle of Sinapis alba; and that the tip when thus 
stimulated transmits some influence to the upper part, causing 
it to bend. The case in this respect is parallel with that of 
the radicles of several plants, the tips of which are sensitive to 
contact and to other irritants, and, as will be shown in the 
eleventh chapter, to gravitation. 
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Concluding Eemakks and Summary of Chapter. 

We do not know wliether it is a general rule with 
seedling jdants that the illumination of the upper 
part determines the curvature of the lower part. But 
as this occurred in the four species examined by us, 
belonging to such distinct families as the Graminea?, 
Crucifer®, and Chenopode®, it is probably of common 
occurrence. It can hardly fail to be of service to seed- 
lings, by aiding them to find the shortest path from 
the buried seed to the light, on nearly the same 
principle that the eyes of most of the lower crawling 
animals are seated at the anterior ends of their bodies. 
It is extremely doubtful whether with fully developed 
plants the illumination of one part ever affects the 
curvature of another part. The summits of 5 young 
plants of Asparagus officinalis (varying in height be- 
tween I'l and 2'7 inches, and consisting of several 
sliort intemodes) were covered with caps of tin-foil 
from O o to t)'35 inch in depth ; and the lower un- 
covered parts became as much curved towards a lateral 
light, as were the free seedlings in the same pots. 
Other seedlings of the same plant had their summits 
])aintcd with Indian ink u ith the same negative result. 
Pieces of blackened paper were gummed to the edges 
and over the blades of some leaves on young plants of 
Trojaseohim jnajus and Ranunculus ficaria ; these were 
then placed in a box before a window, and the petioles 
of the protected leaves became curved towards the 
light, as much as those of the unprotected leaves. 

The foregoing cases with respect to seedling plants 
have been fully described, not only because the trans- 
mission of any effect from light is a new physiological 
fact, but because we think it tends to modify somewhat 
the current views on heliotropic movements. Until 
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lately such, movements were believed to result simply 
from increased growth on the shaded side. At present 
it is commonly admitted * that diminished light in- 
creases the turgescence of the cells, or the extensibility 
of the cell-walls, or of both together, on the shaded 
side, and that this is followed by increased growth. 
But Pfeffer has shown that a difference in the tm- 
gescence on the two sides of a pulvinus, — that is, an 
aggregate of small cells which have ceased to grow at 
an early age, — is excited by a difference in the amount 
of light received by the two sides; and that move- 
ment is thus caused without being followed by in- 
creased growth on the more tiurgescent side.t All 
observers apparently believe that light acts directly 
on the part which bends, but we have seen with the 
above described seedlings that this is not the case. 
Their lower halves were brightly illuminated for hours, 
and yet did not bend in the least towards the light, 
though this is the part which under ordinary circum- 
stances bends the most. It is a still more striking 
fact, that the faint illumination of a narrow stripe on 
one side of the upper part of the cotyledons of Phalaris 
determined the direction of the curvature of the lower 
part ; so that this latter part did not bend towards the 
bright light by which it had been fully illuminated. 



• Emil Godlewski hna given 
(‘ Bot. Zfilung,’ 1879, Nos. 6-9) 
nn excellent account (p. 120) of 
the present state of the question. 
See also Vines in ‘Arbeiten des 
BoU lust, in Wurzburg,’ 1878, B. 
ii. pp. 1 14-117. Hugo de Vries 
has recently published a still 
more important article on this 
subject : ‘ Bot. Zeitung,’ Dec. 19th 
and 26th, 1879. 

t ‘ Die Pcriodischen Bewegun- 
gen dor BInttorgaiie,’ 1875, pp. 7, 



68, 128, &c. Frank has. also 
insisted (‘ Die Naturliche \va- 
gtrechte Richtuiig von Pflan- 
zentheilcn,’ 1870, p. 53) on the 
important part which the pulvini 
of the leaflets of compound haves 
play in placing the leaflets in a 
proper po.sition with respect to the 
light. This holds gootl, especially 
with the leaves of climbing plants, 
which are carried into all sorts 
of positions, ill-adapted for the 
action of the light. 
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but obliquely towards one side where only a little 
light entered. These results seem to imply the pre- 
sence of some matter in the upper part which is acted 
on by light, and which transmits its effects to the 
lower part. It has been shown that this transmission 
is independent of the bending of the upper sensitive 
part. We have an analogous case of transmission in 
Drosera, for when a gland is irritated, the basal and 
not the upper or intermediate part of the tentacle 
bends. The flexible and sensitive filament of Dionaea 
likewise transmits a stimulus, without itself bending ; 
as does the stem of Mimosa. 

Light exerts a powerful influence on most vege- 
table tissues, and there can be no doubt that it 
generally tends to check their growth. But when the 
two sides of a plant are illuminated in a slightly 
different degree, it does not necessarily follow that 
the bending towards the illuminated side is caused by 
changes in the tissues of the same nature as those 
which lead to increased growth in darkness. We 
know at least that a part may bend from the light, 
and yet its growth may not be favoured by light. 
This is the case with the radicles of Sinapis alba, which 
are plainly apheliotropic ; nevertheless, they grow 
quicker in darkness than in light.* So it is with 
many aerial roots, according to Wiesner ;t but there 
are other opposed cases. It appears, therefore, that 
light does not determine the growth of apheliotropic 
parts in any uniform manner. 

We should bear in mind that the power of bending 
to the light is highly beneficial to most plants. There 



• Francis Darwin, ‘Uber das Heft iii., 1880, p. 521. 

Waclisthura negativ heliutropi- f ‘ Sitzb. derk. Akad. der Wis- 
seber Wurzeln’: ‘Arbeittndes seusch’ (Vienna), 1880, p. 12. 

Dot. Inst, in WUrzburg,’ B. ii.. 
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is therefore no improbability in this power having been 
specially acquired. In several respects light seems to 
act on plants in nearly the same manner as it does 
on animals by means of the nervous system.* With 
seedlings the effect, as we have just seen, is trans- 
mitted from one part to another. An animal may be 
excited to move by a very small amount of light ; and 
it has been shown that a difference in the illumination 
of the two sides of the cotyledons of Phalaris, which 
could not be distinguished by the human eye, sufficed 
to cause them to bend. It has also been shown that 
there is no close parallelism between the amount of 
light which acts on a plant and its degree of curva- 
ture; it was indeed hardly possible to perceive any 
difference in the curvature of some seedlings of Phalaris 
exposed to a light, which, though dim, was very much 
brighter than that to which others had been r .exposed. 
The retina, after being stimulated by a bright light, 
feels the effect for some time ; and Phalaris continued 
to bend for nearly half an hour towards the side which 
had been illuminated. The retina cannot perceive 
a dim light after it has been exposed to a bright one ; 
and plants which had been kept in the daylight 
during the previous day and morning, did not move 
So soon towards an obscure lateral light as did other's 
which had been kept in complete darkness. 

Even if light does act in such a manner on the 
grqwing parts of plants as always to excite in them 
a tendency to bend towards the more illuminated 
side — a supposition contradicted by the foregoing 
experiments on seedlings and by all apheliotropic 

• Pftflifl Ims mndt! some striking See his pnper ‘ U:'l>or orthotropo 
remarks to tlie sumo effect witli uml plagintrnpo Fll.'inzentheile,’ 
reHpect to tlie various stimuli ‘ Arb. des. Rot. Inst, in Wurzburg,’ 
which excite movement in plants. lS7il B. ii. p. ‘282. 
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organs — yet the tendency differs greatly in different 
species, and is variable in degree in the individuals of 
the same species, as may be seen in almost any pot 
of seedlings of a long cultivated plant.* There is 
therefore a basis for the modification of this tendency 
to almost any beneficial extent. That it has been 
modified, we see in many cases; thus, it is of more 
importance for insectivorous plants to place their 
leaves in the best position for catching insects than 
to turn their leaves to the light, and they have 
no such power. If the stems of twining plants were 
to bend towards the light, they would often be drawn 
away from their supports ; and as we have seen they 
do not thus bend. As the stems of most other plants 
are heliotropic, we may feel almost sure that twining 
plants, which arc distributed throughout the whole 
vascular scries, have lost a power that their non- 
climbing progenitors possessed. Moreover, with Ijio- 
moea, and probably all other twiners, the stem of the 
young plant, before it begins to twine, is highly helio- 
tropic, evidently in order to expose the cotyledons or 
the first true leaves fully to the light. With the Ivy the 
stems of seedlings are moderately heliotropic, whilst 
those of tlie same plants when grown a little older 



♦ Slrnsburgor has shown in his 
interesting work ('Wirkung dos 
Ijiehtes . . . auf Schwarmaporeii,’ 
1878), that the movement of the 
swarm-spores of various lowly 
organised plants to a lateral light 
is influeni eil hy their stage of 
development, hy the temperature 
to which they are suhjected, hy 
the degree of illumination under 
which they have heen raised, and 
hy other unknown causes ; so that 
the swarm-spores of the same 
species may move across the field 
of the microscope either to or from 



the light. Some individmals, more- 
over, appear to be indifterent to 
the light ; and those of different 
species behave very differenlly. 
The brighter the light, the 
straighter is their course. They 
exhibit also for a short time the 
afler-effects of light. In all tiieso 
respects they re-emble the higher 
plants. See, also, Stahl, ‘ lleher 
den einfluss dcr Lichts auf die 
Bewegungs - erscheinungen der 
Schwarmsporen ’ Verh. d. phys.- 
raed. Gesclsshalft in Wurzburg, 
B. xii. 1878. 
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are apheliotropic. Some tendrils wliicli consist of 
modified leaves — organs in all ordinary cases strongly 
diabeliotropic — have been rendered apbeliotropic, and 
tbeir tips crawl into any dark crevice. 

Even in tbe case of ordinary beliotropic movements, 
it is bardly credible that they result directly from 
tbe action of tbe light, without any special adaptation. 
AVe may illustrate what we mean by the hygroscopic 
movements of plants : if the tissues on one side of an 
organ permit of rapid evaporation, they will dry 
quickly and contract, causing the part to bend to this 
side. Now the wonderfully complex movements of 
the pollinia of Orchis ptjramiclalis, by which they clasp 
the proboscis of a moth and afterwards change their 
position for the sake of depositing the pollen-masses 
on the double stigma — or again the twisting move- 
ments, by which certain seeds bury themselves in 
the ground* — follow from the manner of drying of 
the parts in question ; yet no one w ill suppose that 
these results have been gained without special adapta- 
tion. Similarly, we are led to believe in adaptation 
when we see the hypocotyl of a seedling, w hich contains 
chlorophyll, bending to the light ; for although it thus 
receives less light, being now shaded by its own coty- 
ledons, it places them — the more important organs— in 
the best position to be fully illuminated. The hypo- 
cotyl may therefore be said to sacrifice itself for the 
good of the cotyledons, or rather of the whole plant. 
But if it be prevented from bending, as must some- 
times oceiir with seedlings springing up in an en- 
tangled mass of vegetation, the cotyledons themselves 
bend so as to face the light ; the one farthest oflf rising 



• Fmnoia Dnrwin, ‘On(hi> Ily- actions Linn. Soc.,’ scries ii. vol. i. 
groscopic Mechanism,' Ac., ‘ Trans- p. 119, 187ti. 
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up, and that nearest to the light sinking down, or 
both twisting laterally.* may, also, suspect that 

the extreme sensitiveness to light of the upper part 
of the sheath-like cotyledons of the Gramineae, and 
their power of transmitting its efiects to the lower 
piirt, arc specialised arrangements for finding the 
shortest path to the light. With plants growing on 
a bank, or thrown prostrate by the uind, the manner 
ill which the leaves move, even rotating on their own 
axes, so that their upper siudaces may be again directed 
to the light, is a striking phenomenon. Such facts 
are rendered more striking when we remember that 
too intense a light injures the chlorophyll, and that 
the leaflets of several Leguminosai when thus exposed 
bend upwards and present their edges to the sun, thus 
escaping injury. On the other hand, tlie leaflets of 
Averrhoa and Oxalis, when similarly exposed, bend 
downwards. 

It was shown in the last chapter that heliotropism 
is a modified form of circumnutation ; and as every 
growing part of every plant circumnutates more or less, 
we can understand how it is that the power of bending 
to the light has been acquired by such a multitude 
of plants throughout the vegetable kingdom. The 
manner in which a circumnutating movement— that 
is, one consisting of a succession of irregular ellijises 
or loops — is gradually converted into a rectilinear 
course towards the light, has been already explained. 
First, we have a succession of ellipses with their 
longer axes directed towards the light, each of whicli 



* ■\Viesner has made iemark-3 to traded from B. Ixxvii. (1878). 
ucarly tlie same died with respect Sitb. der k. Akad. der Wisseiisch, 
to leaves: ‘Die undulirende Nu- Wien, 
tution der Internodien,’ p. 0, ex- 
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is described nearer and nearer to its source ; then the 
loops are drawn out into a strongly pronounced zigzag 
line, with here and there a small loop still formed. 
At the same time that the moTement towards the light 
is increased in extent and accelerated, that in the 
opposite direction is lessened and retarded, and at last 
stopped. The zigzag movement to either side is 
likewise gradually lessened, so that finally the course 
becomes rectilinear. Thus under the stimulus of a 
fairly bright light there is no useless expenditure of 
force. 

As with plants every character is more or less 
variable, there seems to be no great difficulty in be- 
lieving that their circumnutating movements may 
have been increased or modified in any beneficial 
manner by the preservation of varying individuals. 
The inheritance of habitual movements is a necessary 
contingent for this process of selection, or the survival 
of the fittest ; and we have seen good reason to believe 
that habitual movements are inherited by plants. In 
the case of twining species the circumnutating move- 
ments have been increased in amplitude and rendered 
more circular ; the stimulus being here an internal 
or innate one. With sleeping plants the movements 
have been increased in amplitude and often changed 
in direction ; and here the stimulus is the alternation 
of light and darkness, aided, however, by inheritance. 
In the case of heliotropism, the stimulus is the unequal 
illumination of the two sides of the plant, and this 
determines, as in the foregoing cases, the modifica- 
tion of the circumnutating movement in such a manner 
that the organ bends to the light. A plant whieh 
has been rendered heliotropic by the above means, 
might readily lose this tendency, judging from the 
cases already given, as soon as it became useless or 
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injurious. A species which has ceased to be helio- 
tropic might also be rendered apheliotropic by the 
preservation of the individuals which tended to cir- 
cumnutate (though the cause of this and most other 
variations is unknown) in a direction more or less 
opposed to that whence the light proceeded. In like 
manner a plant might be rendered diaheliotropic. 
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CHAPTER X. 

Modified Circdmnutation : Movements excited by Gravitation. 

Means of observation — Apogeotropisin — Cytisiis— Verbena — Beta- 
Gradual conversion of tlie movement of circiimniitation into apogeo- 
tropism in Rubus, Lilium, Phalaris, Avena, and Brassica — Apogeo- 
tropism retarded by heliotropism— Effected by tlie aid of joints 
or pulvini — Movements of flower-peduncles of Oxalis — Geneial 
remarks on apogentropism — Geotropisni — Movements of radicles — 
Burying of seed-capsules — Use of process — Trifolium subterraueum 
— Arachis — Ampliicarpsea— Diageotropism — Conclusion. 

Our object in the present chapter is to show that 
geotropisni, apogeotropism, and diageotropism' are mo- 
dified forms of circumnutation. Extremely fine fila- 
ments of glass, hearing two minute triangles of paper, 
were fixed to the summits of young stems, frequently 
to the hypocotyls of seedlings, to flower-peduncles, 
radicles, &c., and the movements of the parts were 
then traced in the manner already described on 
vertical and horizontal glass-plates. It should be 
remembered that as the stems or other parts become 
more and more oblique with respect to the glasses, the 
figures traced on them necessarily become more and 
more magnified. The plants were protected from light, 
excepting whilst each observation was being made, and 
then the light, which was always a dim one, was 
allowed to enter so as to interfere as little as possible 
with the movement in progress ; and we did not detect 
any evidence of such interference. 

^Vhen observing the gradations between circumuu- 
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tation and lieliotropism, we had the great advantage of 
being able to lessen the light ; but with geotropisni 
analogous experiments were of course impossible; 
We could, however, observe the movements of stems 
placed at first only a little from the perpendicular, in 
which case geotropism did not act with nearly so much 
power, as when the stems were horizontal and at right 
angles to the force. Plants, also, were selected which 
were but feebly geotropic or apogeotropic, or had 
become so from having grown rather old. Another 
plan was to place the stems at first so that they pointed 
30 or 40 degrees beneath the horizon, and tlien apo- 
geotropism had a great amount of work to do before 
the stem was rendered upright ; and in this case 
ordinary circumnutation was often not wholly oblite- 
rated. Another plan was to observe in the evening 
plants which during the day had become greatly 
curved heliotropically ; for their stems under the gra- 
dually waning light very slowly became upright through 
the action of apogeotropism ; and in this case modified 
circumnutation was sometimes Avell displayed. 

Apo'jeotropism . — Plants were selected for observation almost 
by chance, excepting that they were taken from -widely different 
families. If the stem of a plant which is even moderately 
sensitive to apogeotropism be placed horizontally, the ii))per 
growing part bends quickly upwards, so as to become perpen- 
dicular; and the line traced by joining the dots successively 
made on a glass-plate, is generally almost straight. For in- 
stance, a young Cythus /rat/rans, 12 inches in height, was placed 
so that the stem projected 10° beneath the horizon, and its 
coui-se was traced during 72 h. At fii-st it bent a very little 
downwards (Fig. 182), owing no doubt to the weight of the 
stem, as this occurred with most of the other plants observed, 
though, as they were of course circumnutating, the short down- 
ward lines were often oblique. After tliree -quarters of an hour 
the stem began to curve upwards, quickly during the fii-st two 
hours, but much more slowly during the afternoon and night. 
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and on the following day. During the second night it fell 
a little, and circimmutated 
during the following day; but it 
also moved a short distance to 
the right, which was caused by 
a little light having been ac- 
cidentally admitted on this side. 

The stem was now inclined 
60° above the horizon, and had 
therefore risen 70°. With time 
allowed it would probably have 
become upright, and no doubt 
would have continued circiun- 
nutating. The sole remarkable 
feature in the figure here given 
is the straightness of the course 
pursued. The stem, however, 
did not move upwards at an 
equable rate, and it sometimes 
stood almost or quite still. 

Such periods probably represent 
attempts to circumnutate in a 
direction opposite to apogeo- 
tropism. 

The herbaceous stem of a 
Verbena melindres (?) laid hori- 
zontally, rose in 7 h. so much 
that it could no longer be 
observed on the vertical glass 
wliich stood in front of the plant. 

The long line which was traced 
was almost absolutely straight. 

After the 7 h. it still continued 
to rise, but now circumnutated 
slightly. On the following day 
it stood upright, and circiun- 
nutated regularly, as shown in 
Fig. 82, given in the fourth 
chapter. The stems of several 
other plants which were highly represented, as usual, by a broken 
sensitive to apogeotropism rose not gi-eatly 

. , A A . V , 1 . nined, and tracing reduced ti 

up in almost straight lines, and thirds ot original scale. 

22 



n from 10° beneath t< 
1° above horizon, traced on ver- 
tical glass, from 8..30 a.m. March 
'.0 10.30 P.M. 13th. Thesub- 
_ It circumnutating movement 
is likewise shown up to 6.4.5 a.m. 
1 the 15th. Nocturnal c 
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tlien suddenly began to circumnutate. A pai-tially etiolated 




and somewhat old hypocotyl 
of a seedling cabbage (2i 
inches in height) was so 
sensitive that when placed 
at an angle of only 33^ from 
the perpendicular, it became 
vertical in 33 minutes. As 
it could not have been 
strongly acted upon by 
apogeotropism in the above 
slightly inclined position, 
we expected that it would 
have circumnutated, or at 
least have moved in a zig- 
zag course. Accordingly, 
dots were made every 3 
minutes; but, when these 
were joined, the line was 
nearly straight. After this 
hypocotyl had become up- 
right it still moved onwards 
for half an hour in the same 
general direction, but in a 
zigzag manner. During the 
succeeding 9 h. it circum- 
nutated regularly, and de- 
scribed 3 large ellipses. In 
this case apogeotropism, 
although acting at a very 
unfavourable angle, quite 
overcame the ordinary cir- 
cumnutating movement. 

The hypocotyls of Beta 
vulgaris are highly sensitive 
to apogeotropism. One was 
placed so as to project 19° 
beneath the horizon ; it fell 
at first a very little (see 
Fig. 183), no doubt owing 
to its weight ; but as it was 
circumnutating the line was 
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oblique During the next 3 h. 8 m. it rose in a nearly straight 
line, passing through an angle of 109°, and then (at i-2.3 p.m.) 
stood upright. It continued for 55 m. to move in the same 
general direction beyond the pcriiendicular, but in a zigzag 
course. It returned also in a zigzag line, and then eircuninu- 
tated regularly, describing three large ellipses during the 
remainder of the day. It should be observed that the ellipses 
in tliis figure are exaggerated in size, relatively to the length of 
the upward straight line, owing to the position of the vertical 
and horizontal glass-plates. Another and somewhat old hypo- 
cotyl was placed so as to stand at only 31° from the perpen- 
dicular, in which position apogeotropism acted on it with little 
force, and its course accordingly was slightly zigzag. 

The sheath-like cotyledons of Phahris Caxaiiensis are ex- 
tremely sensitive to apogeotropism. One was placed so as to 
project 40° beneath the horizon. Although it was rather old 
and 1-3 inch in height, it became vertical in 4 h. 30 m., having 
passed through an angle of 130° in a nearly straight line. It then 
suddenly began to circumnutato in the ordinary manner. The 
cotyledons of this plant, after the first leaf has begun to pro- 
trude, arc but slightly apogeotropic, though they still continue 
to circumnutate. One at this stage of development was placed 
horizontally, and did not become upright even after 13 h., and its 
course was slightly zigzag. So, again, a rather old hypocoty! 
of Cassia tora (li inch in height) required 28 h. to become up- 
right, and its course was distinctly zigzag ; whilst younger hypo- 
cotyls moved much more quickly and in a nearly straight line. 

When a horizontally placed stem or other organ rises in a 
zigzag lino, we may infer from the many cases given in our 
previous chapters, that wo have a mo<lified form of circumnu- 
tation ; but when the course is straight, there is no evidence 
of eircumnutation, and any one might maintain that this latter 
movement had licon replaced by one of a wholly distinct kind. 
This view seems the more probable when (as sometimes 
occurred with the hypocotyls of Brassica and Beta, the stems of 
Cucurbita, and the cotyledons of Phalaris) the part in question 
after licnding up in a straight course, suddenly begins to circum- 
nutato to the full extent and in the usual manner. A fairly 
good instance of a sudden change of this kind — that is, from a 
nearly straight upward movement to one of eircumnutation — 
is shown in Fig. 183; but more striking instances were occa- 
sionally oliserved with Beta, Brassica, and Phalaris. 

\Ve will now describe a few cases in which it may be 
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ly circummitation l>ccoines changed into apogeo- 
tropisra, under circumstances to l)e specified 
in each instance. 

Ituhm idcruf. (hybrid).— A young plant, 11 
inches in height, growing in a pot, was placed 
horizontally; and the upward moveraeut was 
traced during nearly 70 h. ; but the plant, 
though growing vigorously, was not highly 
sensitive to apogeotropism, or it was not^ 
capable of quick movement, for during the 
above time it rose only 67°. ^Ve may see in 
the diagram (Fig. 184) that during the first 
day of 12 h. it rose in a nearly straight line. 
When placed horizontally, it was evidently 
circumnutating, for it rose at first a little, 
notwithstanding the weight of the stem, and 
then sank down ; so that it did not start on 
its permanently upward course until 1 h. 
25 ra. had elapsed. On the second day, by 
which time it had risen considerably, and 
when apogeotropism acted on it with somewhat 
less power, its course during 153 h. was clearly 
zigzag, and the rate of the upward movement 
was not equable. During the third day, also 
of 151 h., when apogeotropism acted on it 
with still less power, the stem plainly circum- 
nutated, for it moved during this day 3 times 
up and 3 times down, 4 times to the left and 
4 to the right. But the course was so complex 
that it could hardly be traced on the glass. 
We can, however, see that the successively 
formed irregular ellipses rose higher and 
higher. Apogeotropism continued to act on 
the fourth morning, as the stem was still 
rising, though it now stood only 23° from the 
perpendicular. In this diagram the several 
stages may lie followed by which an almost 
rectilinear, upward, apogeotropic course first 
becomes zigzag, and then changes into a 
circumnutating movement, with most of the 
successively formed, irregular ellipses dii'ectcd 
upwards. 

wm. — A plant 23 inches in height was placikl 
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horizontally, and tho upper part of the stem rose 58° in 46 h., 
in the manner shown in the accom- 
panying diagram (Fig. 185). We here >85. 

see that during the whole of the 
second day of 15) h., the stem plainly 
circumnutated whilst bending upwards 
through apogeotropism. It had still 
to rise considerably, for when the last 
dot in the figure was made, it stood 
32° from an upright position. 

Plialaris Cauariemis . — A cotyledon 
of this plant (1'3 inch in height) has 
already been described as rising in 
4 h. 30 m. from 40° beneath the hori- 
zon into a vertical position, passing 
through an angle of 130° in a nearly 
sti-aight line, and then abruptly be- 
ginning to circumnutate. Another 
somewhat old cotyledon of the same 
height (but from which a true leaf 
had not yet protruded), was similarly 
placed at 40° beneath the horizon. For 
the first 4 h. it rose in a nearly straight 
course (Fig. 186), so that by 1.10 rm. 
it was highly inclined, and now apo- 
geotropism acted on it with much less 
power than before, and it began to 
zigzag. At 4.15 p.m. (i.e. in 7 h. from 
the commencement) it stood vertically, 
and afterwards continued to circum- 
uutate in the usual manner about tho 
same spot. Here then we have a 
graduated change from a straight up- 
ward apogeotrojMc course into circum- Li 
nutation, instead of an abrupt change, 
as in the former case. 

Avena saliva . — The sheath-like coty- 
ledons, whilst young, are strongly apo- 
geotropic ; and some which were placed 
at 45° beneath the horizon rose 90° in 
7 or 8 h. in lines almost absolutely 
straight. An oldish cotyledon, from which the first leaf began to 



during 2 days 
nights, from 10.40 A.M. 
March 18th to 8 A.M. 
20th. Figure reduced to 
one-half of the original 
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Phalans Canariensis ; apogeotropic 
ment of cotyledon, traced or 
and horizontal glass, from 9.1 
■ "AM 20th. Figui 






protrude whilst the fol- 
lowing obseryations were 
being made, was placed 
at 10° beneath the horizon, 
and it rose only 59° in 
24 h. It behaved rather 
differently from any other 
plant, observed by us, for 
during the first 44 h. it 
rose in a line not far from 
straight ; dm-ing the next 
6i h. it circumnutated, 
that is, it descended and 
again ascended in a 
strongly marked zigzag 
course; it then resumed 
its upward movement in 
a moderately straight line, 
and, with time allowed, 
no doubt would have be- 
come upright. In this 
case, after the first 4i h., 
ordinary circumnutation 
almost completely con- 
quered for a time apogeo- 
tropism. 

Brasska oleracea . — The 
hypocotyls of several 
young seedlings placed 
horizontally, rose up ver- 
tically in the course of 6 
or 7 h. in nearly straight 
lines. A seedling which 
had grown in darkness to 
a height of 2i inches, and 
was therefore rather old 
and not highly sensitive, 
was placed so that the 
hypocotyl projected at be- 
a vertical tween 30° and 40° beneath 
the hoiizon. The upper 



ic-fifth of original scale. 



part alone became curved 
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Fig. 187. 



upwards, and rose during the first 3 h. 10 m. in a nearly straight 
line (Fig. 137); but it was not 
possible to trace the upward move- 
ment on the vertical glass for the 
first 1 h. 10 m., so that the nearly 
straight line in the diagram ought 
to have been much longer. During 
the next 11 h. the hypocotyl circum- 
nutated, describing irregular figures, 
each of which rose a little above 
the one previously formed. During 
the night and following early morn- 
ing it continued to rise in a zigzag 
course, so that apogeotropism was 
still acting. At the close of our ob- 
servations, after 23 h. (represented 
by the highest dot in the diagram) 
the hypocotyl was still 32° from 
the perpendicular. There can be 
little doubt that it would ulti- 
mately have become upright by 
describing an additional number 
of irregular ellipses, one above the 
other. 

Apogeotropism retarded by Ilelio- 
tropism. — When the stem of any 
plant bends during the day towards 
a lateral light, the movement is 
opposed by apogeotropism ; but as 
the light gradually wanes in the 
evening the latter power slowly 
gains the upper hand, and draws Brassica oleracea: apogcotropic 




the stem back into a vertical 
position. Here then we have a 
good opportunity for observing how 
apogeotropism acts when very 
nearly balanced by an opposing 
force. For instance, the plumule 
of Tropa;olum majus (see former 
Fig. 175) moved towards the dim 
evening light in a slightly zigzag 
line until 6.45 p.m., it then returned on its course until 



.■ement of hypocotyl, traced 
on vertical glass, from 9.20 
A.M. Sept. 12th to 8.30 A.M. 
13th. The upper part of the 
figure is more magnified than 
the lower part. If the whole 
course had been traced, the 
straight upright line would 
hare been much longer. Figure 
here reduced to one-third of 
the original scale. 
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10.40 P.M., during -n-hich time it zigzagged and described an 
ellipse of considerable size. The hypocotyl of Bras$ica olcracea 
(.see former Fig. 173) moved in a straight line to the light until 
5.15 P.M., and then from the light, making in its backward 
course a great rectangular bend, and then returned for a short 
distance towards the former source of the light ; no observa- 
tions W’ere made after 7.10 p.m., but during the night it re- 
covered its vertical position. A hypocotyl of Cassia tora moved 
in the evening in a somewhat zigzag line towards the failing 
light until 6 P.M., and was now bowed 20° from the perpendi- 
cular; it then returned on its course, making before 10.30 p.m. 
four great, nearly rectangular bends and almost completing an 
ellipse. Several other analogous cases were casually observed, 
and in all of them the apogeotropic movement could be seen to 
consist of modified circumnutation. 

Apogeotropic Movements effected by the aid of joints or pulvini. 
—Movements of this kind are well known to occur in the 
Gramiuese, and are effected by means of the thickened bases 
of their sheathing leaves; the stem within being in this part 
thinner than elsewhere.* According to the analogy of all other 
pulvini, such joints ought to continue circumnutating for a 
long period, after the adjoining parts have ceased to giw. Wo 
therefore wished to ascertain whether this was the case with 
the GrainineiB ; for if so, the upw-ard curvature of their stems, 
when extended horizontally or laid prostrate, would be explained 
in accordance with our view — namely, that apogeotropism 
results from modified circumnutation. After these joints have 
curved upwards, they are fixed in their new position by increased 
growth along their lower sides. 

Lolium perenne.—A. young stem, 7 inches in height, consist- 
ing of 3 internodes, with the flower-head not yet protruded, 
was selected for observation. A long and very thin glass fila- 
ment was cemented horizontally to the stem close above the 
second joint, 3 inches above the ground. This joint was subse- 
quently proved to be in an active condition, as its lower side 
swelled much through the action of apogeotropism (in tho 
manner described by Do Tries) after the haulm had been 
fastened down for 24 h. in a horizontal position. The pot was 



die Aufrichtung des geliigerten 
Getreides,’ in ‘ Landwirtlischaft- 
liche Jahrliiicher,’ 1880, p. 473. 



* This structure has been re- 
cently desiribcd by De Vries in 
an interesting article, ‘Ueber 
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so placed that the end of the filament stood beneath the 2 -inch 
object gla.ss of a microscope with an eye-piece micrometer, each 
division of which equalled 5 ^ of an inch. The end of the fila- 
ment was repeatedly observed during 6 h., and was seen to be 
in constant movement ; and it crossed 5 divisions of the micro- 
meter inch) in 2 h. Occasionally it moved forwards by 
jerks, some of which were yJgo inch in length, and then slowly 
retreated a little, afterwards again jerking forwards. These 
oscillations were exactly like those described under Bmssica 
and Dionaea, but they occurred only occasionally. We may 
therefore conclude that this moderately old joint was continually 
circumnutating on a small scale. 

Ahpecurvs pratejisis. — Ayoimg plant, 11 inches in height, with 
the flower-head protruded, but with the florets not yet expanded, 
had a glass filament fixed close above the second joint, at a 
height of only 2 inches above the ground. The Iwisal inteniode, 
2 inches in length, was cemente'd to a stick to prevent any 
possibility of its circumnutatLug. The extremity of the filament, 
which projected about 50° above the horizon, was often obseiwed 
dm-ing 24 h. in the same manner as in the last case. Whenever 
looked at, it was always in movement, and it crossed 30 divisions 
of the micrometer (-fy inch) in 31 h. ; but it sometimes moved 
at a quicker rate, for at one time it crossed 5 divisions in 11 h. 
The pot had to be moved occasionally, as the end of the filament 
travelled beyond the field of vision ; but as far as we could 
judge it followed during the daytime a semicircular course ; 
and it certainly travelled in two difterent directions at right 
angles to one another. It sometimes oscillated in the same 
manner as in the last species, some of the jerks forwards being 
as much as inch. We may therefore conclude that 

the joints in this and the last species of grass long continue to 
circumnutate ; so that this movement would be ready to be 
converted into an apogeotropic movement, whenever the stem 
was placed in an inclined or horizontal position. 

Moaemenis of the Flower-peduncles of Oxalis carnosa, due to 
apogeotropism and other forces. — The movements of the main 
peduncle, and of the three or four sub-pedimcles which each 
main peduncle of this plant bears, are extremely complex, and 
are determined by several distinct causes. Whilst the flowers 
are expanded, both kinds of peduncles ciremnnutate about the 
same spot, as we have seen (Fig 91) in the fourth chapter. 
But soon after the flowers have begun to wither the sub- 
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peduncles bend downwards, and this is due to epinasty; for 
on two occasions wlien pots were laid horizontally, the sub- 
peduncles assumed the same position relatively to the main 
peduncle, as would have been the case if they had remained 
upright; that is, each of them formed with it an angle of 
about 40’. If they had been acted on by geotropi.sm or aphelio- 
tropism (for the i)lant was illuminated from above), they would 
have directed themselves to the centre of the earth. A main 
peduncle was secured to a stick in an upright position, and one 
of the upright sub-peduncles which had been observed circura- 
nutating whilst the flower was expanded, continued to do so for 
at least 24 h. after it had withered. It then began to bend 
downwards, and after 36 h. pointed a little beneath the horizon. 
A new figure was now begun (A, Fig. 188), and the sub-peduncle 
was traced descending in a zigzag line from 7.20 p.m. on the 19th 
to 9 A.M. on the 22nd. It now pointed almost perpendicularly 
downwards, and the glass filament had to be removed and 
fastened transversely across the base of the young capsule. 
We expected that the sub-peduncle would have been motionless 
in its new position ; but it continued slowly to swing, like a 
pendulum, from side to side, that is, in a plane at right angles 
to that in which it had descended. This circumnutating move- 
ment was observed from 9 a.m. on 22nd to 9 a.m. 24th, as shown 
at B in the diagram. We were not able to observe this par- 
ticular sub-peduncle any longer; but it would certainly have 
gone on circumnutating until the capsule was nearly ripe (which 
requires only a short time), and it would then have moved 
upwards. 

The upward movement (C, Fig. 188) is effected in part by the 
whole sub-peduncle rising in the same manner as it had pre- 
viously descended through epinasty — namely, at the joint where 
united to the main peduncle. As this upward movement 
occurred with plants kept in the dark and in whatever position 
the main peduncle was fastened, it could not have been caused 
by heliotropism or ajwgeotropism, but by hj-ponasty. Besides 
this movement at the joint, there is another of a very different 
kind, for the sub-peduncle becomes upwardly bent in the middle 
part. If the sub-peduncle happens at the time to be inclined 
much downwards, the upward curvature is so great that the 
whole forms a book. The upper end bearing the capsule, thus 
always places itself upright, and as this occurs in darkness, and 
in whatever position the main peduncle may have been secured. 
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nasty, but to apogeotropism. 




Oxalia camosa ; movements of flower-peduncle, traced on a vertical glass : 
A, epinastic downward movement ; B, ciicnmnutation whilst depend- 
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In order to trace this upward movement, a filament was fixed 
to a sub-peduncle bearing a capsule nearly ripe, which was 
Ijeginuing to bend upwards by the two means just described. Its 
course was traced (see C, Fig. 188) during 53 h., by which time 
it had become nearly upright. The course is seen to be strongly 
zigzag, together with some little loops. We may therefore con- 
clude that the movement consists of modified circumnutation. 

The several species of Oxalis probably profit in the following 
manner by their sub-peduncles first tending downwards and 
then upwards. They are known to scatter their seeds by the 
burs ling of the capsule; the walls of which are so extremely 
thin, like silver paper, that they would easily be permeated by 
rain. But as soon as the petals wither, the sepals rise up and 
enclose the young capsule, forming a perfect roof over it as 
soon as the sub-peduncle has bent itself downwards. By its 
subsequent upward movement, the capsule stands when ripe 
at a greater height above the groimd by twice the length of the 
sub-peduncle, than it did when dependent, and is thus able 
to scatter its seeds to a greater distance. The sepals, which 
enclose the ovarium whilst it is young, present an additional 
adaptation by expanding widely when the seeds are ripe, so as 
not to interfere with their dispersal. In the case of Oxalis 
aretosella, the capsules are said sometimes to bury themselves 
under loose leaves or moss on the ground, but this cannot occur 
with those of 0. carnosa, as the woody stem is too high. 

Oxalis acetosella . — The peduncles are furnished with a joint iu 




the middle, so that the lower part answers to the main peduncle. 
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and the upper part to one of the sub-peduncles of 0. carnosa. 
The upper part bends downwards, after the flower has begun 
to wither, and the whole peduncle then forms a hook; that 
this bending is due to cpinasty we may infer from the case of 
O. carnosa. When the pod is nearly ripe, the upper part 
straightens itself and becomes erect ; and this is due to hypo- 
nasty or apogeotropism, or both combined, and not to helio- 
tropism, for it occurred in darkness. The short, hooked part of 
the peduncle of a cleistogamic flower, bearing a pod nearly ripe, 
was observed in the dark during three days. The apes of the 
pod at first pointed perpendicularly down, but in the course of 
three days rose 90°, so that it now projected horizontally. The 
course during the two latter days is shown in Fig. 189; and 
it may bo seen how greatly the peduncle, whilst rising, circura- 
nutated. The lines of chief movement were at right angles 
to the plane of the originally hooked part. The tracing was 
not continued any longer ; but after two additional days, the 
peduncle with its capsule had become straight and stood 
upright. ^ 

Concluding Remarks on Apogeotropism.— \Yher\ apo- 
geotropism is rendered by any means feeble, it acts, 
as shown in the several foregoing cases, by increasing 
the always present circumnutating movement in a 
direction opposed to gravity, and by diminishing that 
in the direction of gravity, as well as that to either 
side. The upward movement thus becomes unequal 
in rate, and is sometimes interrupted by stationary 
periods. Whenever irregular ellipses or loops are still 
formed, their longer axes are almost always directed 
in the line of gravity, in an analogous manner as 
occurred with heliotropic movements in reference to 
the light. As apogeotropism acts more and more 
energetically, ellipses or loops cease to be formed, and 
the course becomes at first strongly, and then less and 
less zigzag, and finally rectilinear. Trom this grada- 
tion in the nature of the movement, and more especially 
from all growing parts, w'hich alone (except when pul- 
vini are present) are acted on by apogeotropism, con- 
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tiilually circumnutating, we may conclude tliat even 
a rectilinear course is merely an extremely modified 
form of cirenmnutation. It is remarkable that a stem 
or otlier organ which is highly sensitive to apogeo- 
tropism, and which has bowed itself rapidly upwards 
ill a straight line, is often carried beyond the vertical, 
as if by momentum. It then bends a little backwards 
to a point round which it finally cireuinnutates. Two 
instances of this were observed with the hypocotyls of 
Beta vulgaris, one of which is shown in Fig. 183, and 
two other instances with the hypocotyls of Brassiea. 
This momentum-like movement probably results from 
the acc.nmulated eflccts of apogeotropism. For the 
sake of observing how' long such after-effects lasted, 
a pot with seedlings of Beta was laid on its side in the 
dark, and the hypocotyls in 3 h. 15 m. became highly 
inclined. The pot, still in the dark, was then placed 
upright, and the movements of the two hypocotyls were 
traced ; one continued to bend in its former direction, 
now in opposition to apogeotropism, for about 37 m., 
perhajis for 48 m. ; but after 01 m. it moved in an 
opposite direction. The other hypocotyl continued 
to move in its former course, after being placed 
upright, fur at least 37 m. 

Different species and different parts of the same 
species arc acted on by apogeotropism in very dif- 
ferent degrees. Young seedlings, most of which cir- 
cunmutate rjuiekly and largely, bend upwards and 
become vertiinil in much less time than do any older 
plants observed by us ; but whether this is duo to 
their greater sensitiveness to apogeotropism, or merely 
to their greater flexibility wo do not know'. A hypo- 
cotyl of Beta traversed an angle of 109° in 3 h. 8 m., 
and a cotyledon of I’halaris an angle of 130° in 4 h. 
30 m. On the other hand, the stem of a herbaceous 
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Verbena rose 90"' in about 24 b. ; that of Eubus 67°, 
in 70 h. ; that of Cytisus 70°, in 72 h. ; that of a young 
American Oak only 37°, in 72 h. The stem of a 
young Cyperus alternifolius rose only 11’ in 96 h. ; 
the bending being confined to near its base. Though 
the sheath-like cotyledons of Phalaris are so extremely 
sensitive to apogeotropism, the first true leaves which 
protrude from them exhibited only a trace of this 
action. Two fronds of a fern, Nephrodium molle, both 
of them young and one with the tip still inwardly 
curled, were kept in a horizontal position for 46 h., 
and during this time they rose so little that it was 
doubtful whether there was any true apogeotropic 
movement. 

The most curious case known to us of a difference 
in sensitiveness to gravitation, and consequently of 
movement, in different parts of the same organ, is that 
offered by the petioles of the cotyledons of Jpomoea 
leptophijlla. The basal part for a short length where 
united to the undeveloped hypocotyl and radicle is 
strongly geotropic, whilst the whole upper part is 
strongly apogeotropic. But a portion near the blades 
of the cotyledons is after a time acted on by epinasty 
and curves downwards, for the sake of emerging in the 
form of an arch from the ground ; it subsequently 
straightens itself, and is then again acted on by apo- 
geotropism. 

A branch of Cucurbita ovifera, placed horizontally, 
moved upwards during 7 h. in a straight line, until it 
stood at 40° above the horizon ; it then began to cir- 
cumnutate, as if owing to its trailing nature it had no 
tendency to rise any higher. Another upright branch 
was secured to a stick, close to the base of a tendril, 
and the pot was then laid horizontally in the dark. 
In this position the tendril circumnutated and made 
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several large ellipses during 14 li., as it likewise did 
on the following day ; but during this whole time it 
was not in the least affected by apogeotropism. On the 
other hand, when branches of another Cueurbitaceous 
plant, Echinoci/tis lobata, were fixed in the dark so tliat 
the tendrils depended beneath the horizon, these began 
immediately to bend upwards, and whilst thus moving 
they ceased to circumnutate in any plain manner; 
but as soon as they had become horizontal they re- 
commenced to revolve conspicuously.* The tendrils 
of Passijlora gracilis are likewise apogeotropic. Two 
branches were tied down so that their tendrils pointed 
many degrees beneath the horizon. One was observed 
for 8 h., during which time it rose, describing two 
circles, one above the other. The other tendril rose 
in a moderately straight line during the first 4 h., 
making however one small loop in its course ; it then 
stood at about 45° above the horizon, where it circum- 
nutated during the remaining 8 h. of observation. 

A part or organ which whilst young is extremely 
sensitive to apogeotropism ceases to be so as it grows 
old ; and it is remarkablCj as showing the independency 
of this sensitiveness and of the circumnutating move- 
ment, that the latter sometimes continues for a time 
after all power of bending from the centre of the earth 
has been lost. Tims a seedling Orange bearing only 
3 young leaves, with a rather stiff stem, did not curve 
in the least upwards during 24 h. whilst extended 
horizontally ; yet it circumnutated all the time over 
a small space. The hypocotyl of a young seedling 
of Cassia tora, similarly placed, became vertical in 
12 h. ; that of an older seedling, 1;^ inch in height. 



• For details see ‘ The Movements and Habits of Climbing Plants,’ 
1875, p. 131. 
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became so in 28 li. ; and that of another still older 
one, li inch in height, remained horizontal during 
two days, but distinctly circumnutated during this 
whole time. 

When the cotyledons of Phalaris or Avena are laid 
horizontally, the uppermost part first bonds upwards, 
and then the lower part ; consequently, after the lower 
2 Jart has become much curved upwards, the upper part 
is compelled to curve backwards in an opposite direc- 
tion, in order to straighten itself and to stand ver- 
tically; and this subsequent straightening process is 
likewise due to apogeotropism. The upper part of 
8 young cotyledons of Phalaris were made rigid by 
being cemented to thin glass rods, so that this part 
could not bend in the least ; nevertheless, the basal 
part was not prevented from curving upward. A stem 
or other organ which bends upwards througli apogeo- 
tropism exerts considerable force; its own weight, 
which has of course to be lifted, was sufficient in 
almost every instance to cause the part at first to bend 
a little downwards ; but the downward course was 
often rendered oblique by the simultaneous circum- 
nutating movement. The cotyledons of Avena placed 
horizontally, besides lifting their own weight, were 
able to furrow the soft sand above them, so as to leave 
little crescentic open spaces on the lower sides of their 
bases; and this is a remarkable proof of the force 
exerted. 

As the tips of the cotyledons of Phalaris and Avena 
bend upwards through the action of apogeotropism 
before the basal part, and as these same tips when 
excited by a lateral light transmit some influence to 
the lower jmrt, causing it to bend, we thought that 
the same rule might hold good with apogeotropism. 
Consequently, the tips of 7 cotyledons of Phalaris were 
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cut off for a length in three cases of ‘2 inch and in 
the four other cases of '14, •12, •!, and '07 inch. But 
these cotyledons, after being extended horizontally, 
bowed themselves upwards as efl’ectually as the un- 
inutilated specimens in the same pots, showing that 
sensitiveness to gravitation is not confined to their tips. 

Geotropism. 

This movement is directly the reverse of apogeo- 
tropism. Many organs bend downwards through epi- 
nasty or apheliotropism or from their own weight ; but 
wc have met with very few cases of a downward move- 
ment in sub-aerial organs due to geotropism. We 
shall, however, give one good instance in the following 
section, in the case of Trifolium siihierraneum, and 
probably in that of Aracliis hypogwa. 

On the other hand, all roots which penetrate the 
ground (including the modified root-like petioles of 
Megarrhiza and Ipomoea leptopJiylla) are guided in their 
downward course by geotropism ; and so are many 
aerial roots, whilst others, as those of the Ivy, appear 
to be indiflerent to its action. In our first chapter the 
movements of the radicles of several seedlings were 
described. AVe may there see (Fig. 1) how a radicle 
of the cabbage, when pointing vertically upwards so 
as to be very little acted on by geotropism, circum- 
nutated ; and how another (Fig. 2) which was at first 
placed in an inclined position bowed itself downwards 
in a zigzag line, sometimes remaining stationary for a 
time. Two other radicles of the cabbage travelled 
downwards in almost rectilinear courses. A radicle of 
the bean placed upright (Fig. 20) made a great sweep 
and zigzagged; but as it sank downwards and was 
more strongly acted on by geotropism, it moved in an 
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almost straight course. A radicle of Cucurbita, directed 
upwards (Fig. 20), also zigzagged at first, and de- 
scribed small loops ; it then moved in a straight line. 
Nearly the same result was observed with the radicles 
of Zea mays. But the best evidence of the intimate 
conneetion between circumnutation and geotropism 
was afforded by the radicles of Phaseolus, Vicia, and 
Quercus, and in a less degree by those of Zea and 
.^sculus (see Figs. 18, 19, 21, 41, and 52); for when 
these were compelled to grow and slide down highly 
inclined surfaces of smoked glass, they left distinctly 
serpentine tracks. 

The Burying of Seed-capsulcs : Tri/olium sublerrartptim . — The 
flower-heads of this plant are remarkable from producing only 
3 or 4 perfect flowers, which are situated exteriorly. All the 
other many flowers alwrt, and are modified into rigid points, 
with a bundle of vessels running up their centres. After a time 
5 long, elastic, claw-like projections, which represent the divi- 
sions of the calyx, are developed on their summits. As soon as 
the perfect flowers wither they bend downwards, supposing the 
peduncle to stand upright, and they then closely surroimd its 
upper part. This movement is due to epinasty, as is likewise 
the case with the flowers of 2’. repens. The imperfect central 
flowers ultimately follow, one after the other, the same course. 
Whilst the perfect flowers aro thus bending down, tho whole 
peduncle curves downwards and increases much in length, 
until the flower-head reaches the ground. Vaucher * says that 
when the plant is so placed that tho heads cannot soon reach 
the ground, the peduncles grow to the extraordinary length of 
from 6 to 9 inches. In whatever position the branches may be 
placed, the upper p.art of tho peduncle at first bends vertically 
upwards through heliotropism ; but as soon as tho flowers 
licgin to wither the downward curvature of the whole peduncle 
commences. As this latter movement occurred in complete 
tlarkness, and with pedimcles arising from upright and from 
dependent branches, it cannot be due to apheliotro23ism or to 
e])inasty, but must be attributed to geotropism. Nineteen 

• ‘Hist. rhys. dcs Plantes d'Europe,’ tom. ii. 1841, p. 106. 
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upright flower-heads, arising from branches in all sorts of posi- 
tions, on plants growing in a warm greenhouse, were marked 
with thread, and after 24 h. six of them were yertically depen- 
dent ; these therefore had travelled through 180° in this time. 
Ten were extended sub-horizontally, and these had moved 
through about 90°. Three very young peduncles had as yet 
moved only a little downwards, but after an additional 24 h. 
wore greatly inclined. 

At the time when the flower-heads reach the ground, the 
younger imperfect flowers in the centre are still pressed closely 
together, and form a conical projection ; whereas the perfect and 
imperfect flowers on the outside arc upturned and closely sur- 
round the peduncle. They arc thus adapted to offer as little 
resistance, as the case admits of, in penetrating the ground, 
though the diameter of the flower-head is still considerable. 
The means by which this penetration is effected will presently 
lie described. The flower-heads are able to bury themselves in 
common garden mould, and easily in sand or in fine sifted 
cinders packed rather closely. The depth to which they pene- 
trated, measured from the surface to the base of the head, was 
between J and i inch, but in one case rather above O'G inch. 
With a plant kept in the house, a head partly buried itself in 
sand in 6 h. : after 3 days only the tips of the reflexed calyces 
were visible, and after 6 days the whole had disapjieared. But 
with plants growing out of doors we believe, from casual obser- 
vations, that they bury tliemselves in a much shorter time. 

After the heads have buried themselves, the central aborted 
flow’ers increase considerably in length and rigidity, and 
become bleached. They gradually curve, one after the other, 
upwards or towards the peduncle, in the same manner as 
did the perfect flowers at first. In thus moving, the long claws 
on their summits carry with them some earth. Hence a flow'er- 
head which has been buried for a sufficient time, forms a rather 
large ball, consisting of the aborted flowei-s, separated from one 
another by earth, and .surrounding the little pods (the product 
of the perfect flowers) which lie close round the upper part of 
the peduncle. The calyces of the perfect and imperfect flowers 
are clothed with simple and multicellular haire, which have the 
power of absorption; for when placed in a weak solution of 
carlionate of ammonia (2 gr. to 1 oz. of water) their proto- 
plasmic contents immediately became aggregated and afterwards 
displayed the usual slow movements. This clover generally 



© The Complete Work of Charles Darwin Online 



Chap. X. 



GEOTEOPISM. 



515 



grows in dry soil, but whether the power of absorption by the 
hairs on the buried flower-heads is of any importance to them 
we do not know. Only a few of the flower-heads, which from 
their position are not able to reach the ground and bury them- 
selves, yield seeds ; whereas the buried ones never failed, as far 
as we observed, to produce as many seeds as there had been 
perfect flowers. 

We will now consider the movements of the peduncle whilst 




Trifolium sulterrancvm : downward movement of peduncle from 1 9° beneath 
the horizon to a nearly vertically dependent position, traced from 
1 1 A.M. July 22nd to the morning of 25th. Glass filament fixed 
transversely across peduncle, at base of flower-head. 

curving down to the ground. We have seen in Chap. IV., 
Fig. 9‘i, p. 225, that an upright young flower-head circumnu- 
tated conspicuously; and that this movement continued after 
the peduncle had begun to bend downwards. The same 
peduncle was observed when inclined at an angle of 19° above 
the horizon, and it circumnutated during two days. Another 
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Fig. 191. 




2«th to 9 A.M. on 27th. 



wliicli was already curved 36“ beneath the horizon, was observed 
from 11 A.M. July 22iid to the 27th, by which latter date it 
had become vertically dependent. Its course during the first 
12 h. is shown in Fig. 190, and its position on the tluee 
succeeding mornings until the 25th, 
when it was nearly vertical. During 
the first day the peduncle clearly 
circumnutated, for it moved 4 times 
down and 3 times up; and on each 
succeeding day, as it sank downwards, 
the same movement continued, but 
was only occasionally observed and 
was less strongly marked. It should 
pi,, be stated that these peduncles were 
t of observed under a double skylight in 
wer- the house, and that they generally 
moved downwards very much more 
bJe ; slowly than those on plants growing 
r out of doors or in the greenhouse. 

The movement of another vertically 
"**eduncir dependent peduncle with the flower- 
’d. ** ’ head standing half an inch above the 

ground, was traced, and again when 
d the ground; in both ca.ses irregular ellipses 
i every 4 or 5 h. A peduncle on a plant which 
had been brought into the house, 
92. moved from an upright into a vei"- 

-tically dependent position in a 
single day ; and here the course 
during the first 12 h. was nearly 
straight, but with a few well-marktd 
Trifoliwn subterrawum : move- zigzags which betrayed the essential 
meat of same peduncle, with nature of the movement. Lastly, 
flower-head completely buried the circumnutation of a pediuicle 
..... J e , traced dtu-iug 51 h. whilst in 
the act of burying itself obliquely 
in a little heap of sand. After it had buried itself to such a 
depth that the tips of the sepals were alone visible, the above 
figure (Fig. 191) was traced during 25 h. When the flower- 
head had completely disappeared beneath the sand, another 
tracing was made during 11 h. 45 m. (Fig. 192); and here again 
we see that the peduncle was circumnutating. 
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Any one who will observe a flower-head burying itself, will be 
convinced that the rocking movement, due to the continued 
circumnutation of the peduncle, plays an important part in the 
act. Considering that the flower-heads are very light, that the 
peduncles are long, thin, and flexible, and that they arise from 
flexible branches, it is iucrediblo that an object as blunt as one 
of these flower-heads could penetrate the ground by means of 
the growing force of the peduncle, unless it were aided by the 
rocking movement. After a flowei^head has penetrated the 
ground to a small depth, another and efficient agency comes into 
ploy ; the central rigid aborted flowers, each terminating in five 
long claws, curve up towards the peduncle; and in doing so 
can hardly fail to drag the head down to a greater depth, aided 
as this action is by the circumnutating movement, ■which con- 
tinues after the flower-head has completely buried itself. The 
aborted flowera thus act something like the hands of the mole, 
which force the earth backwards and the body forwards. 

It is well known that the seed-capsules of various widely 
distinct plants either bury themselves in the ground, or are 
produced from imperfect flowers developed liencath the surface. 
Besides the present case, two other well-marked instances will 
bo immediately given. It is probable that one chief good thus 
gained is the protection of the seeds from animals which prey on 
them. In the case of T. sublerraneum, the seeds are not only 
concealed by being buried, but are likewise protected by being 
clascly surrounded by the rigid, aborted flowers. We may the 
more confidently infer that protection is here aimed at, because 
the seeds of several species in this same genus are protected in 
other ■ways ;* namely, by the swelling and closure of the calyx, 
or by the persistence and bonding down of the etaudard-jKdal, &c. 
But the most curious instance is that of T. ylohomm, in ■n’hich 
the upper flowers are sterile, as in T. sul'lerraneum, but are here 
developed into largo brushes of hairs which envelop and protect 
the seed-bearing flowers. Nevertheless, in all these cases the 
capsules, with tlieir seeds, may profit, ns Mr. T. Thiselton Dyer 
has remarked, t by their being kept somewhat damp; and the 
advantage of feuch dampnc.ss perhaps throws light on the pre- 
sence of the absorlHjnt hairs on the buried flower-heads of T. mib- 
ten-aneiim. According to Mr. Bentham, as quoteil by Mr. Dyer, 



* Vaiiclier, ‘ Hist. Phys. des t Pee his inUrtsling article in 
Mantes d’EurojK'.' turn. ii. p. 110. ‘ Nature,’ April ttli, 1878, p. 418. 
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the prostrate habit of Edianthemum prostratum, “ brings the 
capsules in contact with the surface of tho ground, postpones 
their maturity, and so favoui-s the seeds attaining a larger size.” 
The capsules of Cyclamen and of Oxalis acctosella arc only occa- 
sionally buried, and this only beneath dead leaves or moss. If 
it be an advantage to a plant that its capsules should be kept 
damp and cool by being laid on the ground, we have in these 
latter cases the first step, from which the power of penetrating 
the gi-ound, with the aid of the always present movement of 
circumnutation, might afterwards have been gained. 

Arachis hypoga;a. — The flowers which bury themselves, rise 
from .stiff branches a few inches above the ground, and stand 
upright. After they have fallen off, tho gynophore, that is the 
part which supports the ovarium, grows to a great length, even 
to 3 or 4 inches, and bends perpendicularly downwards. It 
resembles closely a peduncle, but has a smooth and pointed 
apex, which contains the ovules, and is at first not in the least 
enlarged. The apex after reaching the ground penetrates it, in 
one case ob-served by us to a depth of 1 inch, and in another 
to 0-7 inch. It there becomes developed into a large pod. 
Flowers which are seated too high on the plant for the gyno- 
phore to reach the ground are said * never to produce pods. 

The movement of a young gynophore, rather under an inch 
in length and vertically dependent, was traced during 46 h. by 
means of a glass filament (with sights) fixed transversely a 
little above the apex. It plainly circumnutated (Fig. 193) 
whilst increasing in length and growing downwards. It was 
then rai.sed up, so as to be extended almost horizontally, and 
the terminal part curved itself downwards, following a nearly 
straight course during 12 h., but with one attempt to circum- 
nutate, as shown in Fig. 194. After 24 h. it had become nearly 
vertical. Whether the exciting cause of the downward move- 
ment is gcotropism or apheliotropism was not ascertained ; but 
probably it is not apheliotropism, as all the gynophores grew 
straight down towards the ground, whilst the light in the hot- 
house entered from one side as well as from above. Another 
and older gynophore, the apex of which had nearly reached the 
ground, was observed during 3 days in the same manner as the 
first-mentioned short one ; and it was found to be always circum- 
nutating. Dming the first 34 h. it described a figure which 



• ‘ Gard. Chronicle,’ 1857, p. 5G6. 
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represented four ellipses. Lastly, a long gynophore, the apex of 
which had bui'ied itself to the depth of about half an inch, was 

Fig. 194. 



\ 
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mi'iin.1 bleached portion was a little shrivelled. As the gyno- 
phores are rigid and arise from stiff branches, and as they 
terminate in sharp smooth points, it is probable that they could 
penetrate the ground by the mere force of growth. But this 
action must be aided by the circumnutating movement, for fine 
sand, kept moist, was pressed close round the apex of a gyno- 
phorc which had reached the ground, and after a few houm it 
was surrounded by a narrow open crack. After three weeks 
this gynophore was uncovered, and the apex was found at a 
depth of rather above half an inch developed into a small, white, 
oval pod. 

Amphkaypcea jnonoica.— This plant produces long thin shoots, 
which twine round a support and of course circumnutate. 
Early in the summer shorter shoots are produced from the 
lower parts of the plant, which grow perpendicularly downwards 
and penetrate the ground. One of these, terminating in a 
minute bud, was observed to bury itself in sand to a depth of 
0 2 inch in 24 h. It was lifted up and fixed in an inclined 
position about 25° beneath the horizon, being feebly illuminated 
from above. In this position it described two vertical ellipses 
in 24 h. ; but on the following day, when brought into the house, 
it circumnutated only a vei-y little round the same spot. Other 
branches were seen to penetrate the ground, and were after- 
wards found running like roots beneath the surface for a length 
of nearly two inches, and they had grown thick. One of these, 
after thus running, had emerged into the air. How far circum- 
nutation aids these delicate branches in entering the ground we 
do not know ; but the reflexed hairs with which they are clothed 
will assist in the work. This plant produces pods in the air, 
and others beneath the ground ; which differ greatly in appear- 
ance. Asa Gray says* that it is the imperfect flowers on the 
creeping branches near the base of the plant which produce the 
subterranean pods; these flowers, therefore, must bury them- 
selves like those of Arachis. But it may be suspected that the 
branches wliich were seen by us to penetrate the ground also 
produce subterranean flowers and pods. 

DlAGEOTKOnSM. 

Besides geotropism and apogeotropism, there is, 
according to Frank, an allied form of movement, 

* ‘ Manual of the Botany of the Northern United States,’ 1856. p. lOG. 
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namely, “ transvevse-geotropism,” or diageotropism, as 
we may call it for the sake of matching our other 
terms. Under the influence of gravitation certain 
parts are excited to place themselves more or less 
transversely to the line of its action.* We made no 
observations on this subject, and will here only re- 
mark that the position of the secondary radicles of 
various plants, which extend horizontally or are a 
little inclined downwards, would probably be con- 
sidered by Frank as due to transverse-geotropism. 
As it has been shown in Chap. I. that the secondary 
radicles of Cucurbita made serpentine tracks on a 
smoked glass-plate, they clearly circumnutated, 
and there can hardly be a doubt that this holds 
good with other secondary radicles. It seems there- 
fore highly probable that they place themselves in 
their diageotropic position by means of modified 
circumnutation. 

Finally, we may conclude that the three kinds of 
movement which have now been described and which 
are excited by gravitation, consist of modified circum- 
nutation. Different parts or organs on the same plant, 
and the same part in different species, are thus excited 
to act in a widely different manner. We can see no 
reason why the attraction of gravity should directly 
modify the state of turgescence and subsequent growth 
q£ one part on the upper side and of another part on 
the lower side. We are therefore led to infer that both 
geotropic, apogeotropic, and diageotropic movements, 
the pui’pose of which we can generally understand, 



• Elfving has lately described excillcnt instance of such move- 
OAibeiten des Bot. liistitiits in menls in the jhizonies of ceituin 
Wiiizhurg.’ B. ii. ISt^O, p. -isfl) im plants. 



© The Complete Work of Charles Darwin Online 



622 MODIFIED cmCUMNUTATION. Chap X. 

have been acquired for the advantage of the plant by 
the modification of the ever-present movement of 
circumnutation. This, however, implies that gravi- 
tation produces some effect on the young tissues 
sufficient to serve as a guide to the plant. 
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Localised Sensitive.vess to Gravitation, and its Transmitted 
Effects. 



Geueriil coiisidevations— Viciii fub;i, effects of amputating the tips of 
the radicles— Kegencration of the tips— Effects of a short exposure 
of the tips to geotropic action and their subsequent amputation — 
Effi-cts of amputating the tips obliquely — Effects of cauterising the 
tips — Effects of grease on the tips — Pisuni sativum, tips of radicles 
cauterised transversely, and on their upper and lower sides— 
Pliaseolus, cauterisation and grease on the tips— Gossypium — 
Cucurbita, tips cauterised transversely, and on tlieir upper and 
lower sides — Zca, tips cauterised — Concluding remaiks and 
summary of chapter — Advantages of the sensibility to geotropism 
being localised in the tips of tlie radicles. 

CiESiELSia states * that when the roots of Pisum, 
Irons and Vieia were extended horizontally with their 
tips cut off, they were not acted on by geotropism ; 
but some days afterwards, when a netv root-cap and 
vegetative point had been formed, they bent them- 
selves perpendicularly downwards. lie further states 
that if the tips are cut off, after the roots have been 
left extended horizontally for some little time, but 
before they have begun to bend downwards, they may 
be placed in any position, and yet will bend as if still 
3cted on by geotropism ; and this shows that some 
influence had been already transmitted to the bending 
part from the tip before it was amputated. Sachs 
repeated these experiments ; he cut off a length of 
between '05 and 1 mm. (measured from the apex of the 



• * AbwartskrUmmung der Wurzcl,’ Inaug. Dissert, lireslau. 1871, 

p. 20. 
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vegetative point) of the tips of the radicles of the 
bean {Vtcia faba), and placed them horizontally or 
vertically in damp air, earth, and water, with the 
result that they became bowed in all sorts of direc- 
tions.* He therefore disbelieved in Ciesielski’s con- 
clusions. But as we have seen with several plants 
that the tip of the radicle is sensitive to contact and 
to other irritants, and that it transmits some influence 
to the upper growing part causing it to bend, there 
seemed to us to be no a priori improbability in 
Ciesielski’s statements. AVe therefore determined to 
repeat his experiments, and to try others on several 
species by different methods. 

Vida /aba . — Radicles of this plant were extended horizontally 
either over water or with their lower surfaces just touching it. 
Their tips had previously been cut oil’, in a direction as accu- 
rately transverse as could be done, to different lengths, measured 
from the apex of the root-cap, and which will be specified in 
each case. Light was always excluded. We had previously 
tried hundreds of nnrautilated radicles under similar circum- 
stances, and found that every one that was healthy became 
plainly geotropic in under 12 h. In the case of four radicles 
which had their tips cut off for a length of 1‘5 mm., new root- 
caps and new vegetative points were re-formed after an interval 
of 3 days 20 h. ; and these when placed horizontally were acted 
on by geotropism. On some other occasions tliis regeneration 
of the tips and reacquired sensitiveness occurred within a some- 
what shorter time. Therefore, radicles having their tips 
amputated should be observed in from 12 to 48 h. after the 
ojx; ration. 

Four radicles were extended horizontally with their lower 
surfaces touching the water, and with their tips cut off for a 
length of only O'o mm. : after 23 h. three of them were still 
horizontal ; after 47 h. one of the three became fairly geotropic ; 
and after 70 h. the other two showed a trace of this action. The 
fourth radicle was vertically geotropic after 23 h. ; but by an 



• ‘ Arbeiten des Bot. Iiistiliits in Wurzburg.’ Heft. iii. 1873, p. 432. 
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accident the root-cap alone and not the vegetative point was 
found to have been amputated ; so that this case formed no real 
exception and might have been excluded. 

Five radicles were extended horizontally like the last, and 
had their tips cut off for a length of 1 mm. ; after 22-23 h., four 
of them were still horiz )ntal, and one was slightly geotropie ; 
after 48 h. the latter had l>ecorae vertical ; a second was also 
somewhat geotropie ; two remained approximately horizontal ; 
and the last or tifth had grown in a disordered manner, for it 
was inclined upwards at an angle of 63° above the horizon. 

Fourteen radicles were extended horizontally at a little height 
over the w'ater with their tips cut off for a length of 1’5 mm. ; 
after 12 h. all were horizontal, whilst live control or standard 
specimens in the same jar were all bent greatly downwards. 
After 24 h. several of the amputated radicles remained hori- 
zontal, but some show'ed a trace of geotropism, and one was 
plainly geotropie, for it was inclined at 40° beneath the horizon. 

Seven horizontally extended radicles from which the tips had 
been cut off for the unusual length of 2 mm. unfortunately were 
not looked at until 35 h. had elapsed; three were still horizontal, 
but, to our surprise, four were more or less plainly geotropie. 

The radicles in the foregoing cases were measured before their 
tips were amputated, and in the course of 24 h. they had all 
increased greatly in length ; but the measurements are not 
worth giving. It is of more importance that Sachs found that 
the rate of growth of the different parts of radicles with 
amputated tips was the same as with uumutilated ones. Alto- 
gether twenty-nine radicles were operated on in the manner 
above described, and of these only a few showed any geotropie 
curvature within 24 h. ; whereas radicles with unmutilatcd tips 
always became, as already stated, much bent down in less than 
half of this time. The part of the radicle which bends most lies 
at the distance of from 3 to 6 mm. from the ti|j, and as the 
*Tjending part continues to grow after the oijeration, there does 
not seem any reason why it should not have been acted on by 
geotropism, unless its curvature depended on some influence 
transmitted from the tip. And we have clear evidence of such 
transmission in Ciesielski’s experiments, whieh we repeated and 
extended in the following manner. 

Beans were embeddeil in friable peat with the hilum down- 
wards, and after their radicles had grown perpendicularly down 
for a length of from i to 1 inch, sixteen were selected which 
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were perfectly straight, and these were placed horizontally on 
the peat, being covered by a thin layer of it. They were thus 
left for an average period of 1 h. 37 m. The ti])s were then cut 
off tnimversely for a length of 1'5 mm., and immediately after- 
wards they were embedded vertically in tbe peat. In this position 
geotropism would not tend to induce any curvature, but if some 
influence had already been transmitted from the tip to the ))art 
which bends most, we might expect that this part would become 
curved in the direction in which geotropism had previously 
acted ; for it should be noted that these radicles being now 
destitute of their sensitive tips, would not be prevented by 
geotropism from curving in any direction. The result was that 
of the sixteen vertically embedded radicles, four continued for 
several days to grow straight downwards, whilst twelve became 
more or less bowed laterally. In two of the twelve, a trace of 
curvature was perceptible in 3 h. 30 m., counting from the time 
when they had first been laid horizontally ; and all twelve w’ero 
plainly bowed in G h., and still more plainly in 9 h. In every 
one of them the curvature was directed towards the side which 
had been ilowTiwards whilst the radicles remained horizontal. 
The curvature extended for a length of from 5 to, in one in- 
stance, 8 mm., measured from the cut-off end. Of the twelve 
bowed radicles five became permanently bent into a right angle ; 
the other seven were at first much less bent, and their curvature 
generally decreased after 24 h., but did not wholly disappear. 
This decrease of curvature would naturally follow, if an ex- 
posure of only I h. 37 m. to geotropism, served to modify the 
turgescence of the cells, but not their subsequent growth to 
the full extent. The five radicles which were rectangularly 
bent became fixed in this position, and they continued to grow 
out horizontally in the peat for a length of about 1 inch during 
from 4 to 6 days. By this time new tips had been formed ; and 
it should be remarked that this regeneration occurred slower in 
the peat than iu water, owing perhaps to the radicles being 
often looked at and thus disturbed. After the tips had been 
regenerated, geotropism was able to act on them, so that they 
now became bowed vertically downwards. An accurate draw- 
ing (Fig. 195) is given on the opposite page of one of these five 
radicles, reduced to half the natural size. 

We next tried whether a shorter exposure to geotropism 
would suffice to produce an after-effect. Seven radicles were 
extended horizontally for an hour, instead of I h. 37 m. as in the 



© The Complete Work of Charles Darwin Online 



Chap. XL TRANSMITTED EFFECTS : VICIA. 



527 



Fig. 195. 



former trial ; ami after their tips (I'O mm. in length) had been 
amputated, they were placed vertically in damp peat. Of these, 
three were not in the least affected and continued for days to 
grow straight downwards. Four showed after 8 h. 30 m. a mere 
trace of curvature in the direction in which they had been acted 
on by geotropism ; and in this respect they differed much from 
those which had been exposed for 
1 h. 37 m., for many of the latter 
were plainly curved in 6 h. The 
curvature of one of these four 
radicles almost disappeared after 
24 h. In the second, the cur- 
vature increased during two days 
and then decreased. The third 
radicle became permanently bent, 
so that its terminal part made an 
angle of about 45° with its original 
vertical direction. The fourth 
radicle became horizontal. These 
two latter radicles continued 
during two more days to grow 
in the peat in the same directions, 
that is, at an angle of 45° be- vk:ia faba : radicle, rectangularly 
neath the horizon and horizon- bent at A, after the amputation 
tally. By the fourth morning new tip, due to the previt 

tips had been re-formed, and now 
geotropism was able to act ( 
them again, and they became 
bent perpendicularly downwards, 
exactly as in the case of the 
five radicles described in the 
last paragraph and as is shown in 
the figure (Fig. 195) here given. 

*” Lastly, five other radicles were similarly treated, but were ex- 
posed to geotropism during only 45 m. After 8 h. 30 m. only 
one was doubtfully affected; after 24 h. two were just per- 
ceptibly curved towards the side which had been acted on by 
geotropism ; after 48 h. the one first mentioned had a radius of 
curvature of 60 mm. That this curvature was due to the action 




:e of geotropism. 
of be.in which lay on the pe.it, 
whilst geotropism acted on the 
radicle. A, point of chief cur- 
vature of the radicle, whilst 
standing vertically downwards. 
B, point of chief curvature after 
the regeneration of the tip, when 
geotropism again acted. C, re- 
generated tip. 



of geotropism during the horizontal position of the radicle, was 
shown after 4 days, when a new tip had been reformed, for it 
then grew perpendicularly downwards. We le.aru from this 
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case that when the tips are amputated after an exposure to geo- 
tropism of only 45 m., though a slight influence is sometimes 
transmitted to the adjoining part of the radicle, yet this seldom 
suffices, and then only slowly, to induce even moderately well- 
pronounced curvature. 

In the previously given experiments on 29 horizontally ex- 
tended radicles with their tips amputated, only one grew irre- 
gularly in any marked manner, and this became bowed upwards 
at ail angle of 65^. In Ciesielski’s experiments the radicles 
could not have grown very irregularly, for if they had done 
so, he could not have spoken confidently of the obliteration 
of" all gcotropic action. It is therefore remarkable that Sachs, 
who experimented on many radicles with their tips amputated, 
found extremely disordered growth to be the usual result. As 
horizontally extended radicles with amputated tips are some- 
times acted on slightly by geotropism within a short time, and 
are often acted on plainly after one or two days, we thought 
that this influence might possibly prevent disordered growth, 
though it was not able to induce immediate curvature. There- 
fore 13 radicles, of which 6 had their tips amputated trans- 
versely for a length of 1'5 mm., and the other 7 for a length of 
only 0 5 mm., were suspended vertically in damp air, in which 
position they would not be affected by geotropism; but they 
exhibited no great irregularity of growth, whilst observed 
during 4 to 6 days. We next thought that if care were not 
taken in cutting off the tips transversely, one side of the stump 
might be irritated more than the other, either at first or sub- 
sequently during the regeneration of the tip, and that this 
might cause the radicle to bend to one side. It has also Iicen 
shown in Chapter III. that if a thin slice bo cut off one side 
of the tip of the radicle, this causes the radicle to bend from 
the sliced side. Accordingly, 30 radicles, with tips amputated 
for a length of 1’5 mm., were allowed to grow perpendicularly 
downwards into water. Twenty of them were amputated at an 
angle of 20^ with a line transverse to their longitudinal axes ; 
and such stumps api>eared only moderately oblique. The 
remaining ten radicles were amputated at an angle of about 
45°. Under these circumstances no less than 19 out of the 30 
became much distorted in the course of 2 or 3 days. Eleven 
other radicles were similarly treated, excepting that only 1 mm. 
(including in this and all other cases the root-eap) was ampu- 
tated ; and of these only one grew much and two others slightly 
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distorted ; so that this amount of oblique amputation was not, 
sufficient. Out of the above 30 radicles, only one or two showed 
in the first 2i h. any distortion, but this became plain in the 
19 cases on the second day, and still more conspicuous at the 
close of the third day, by which time new tips had been partially 
or completely regenerated. When therefore a new tip is re- 
formed on an oblique stump, it probably is developed sooner on 
one side than on the other: and this in some manner excites 
the adjoining part to bend to one side. Ilcnce it seems probable 
that Sachs unintentionally amputated the radicles on which he 
experimented, not strictly in a transver.se direction. 

This explanation of the occasional irregular growth of r.adicles 
with amputated tips, is supported by the results of cauterising 
their tips; for often a greater length on one side than on the 
other was unavoidably injured or killed. It .should be re- 
marked that in the following trials the tips were first dried 
with blotting-paper, and then slightly rubbed with a dry stick 
of nitrate of silver or lunar caustic. A few touches with the 
caustic suffice to kill the root-cap and some of the upper layers 
of cells of the vegetative jwint. Twenty-seven radicles, some 
young and very short, others of moderate length, were suspended 
vertically over water, after being thus cauterised. Of these some 
entered the water immediately, and others on the second day. 
The same number of uncautcrised radicles of the same age 
were observed as controls. After an interval of three or four 
days the contrast in appearance between the cauterised and 
control specimens was wonderfully great. The controls had 
grown straight downw.ards, with the exception of the normal 
curvtiture, which w'e have called Sachs’ curvature. Of the 
27 cauterised radicles, 1.5 had become extremely distorted ; 6 of 
them grew upwards and formed hoops, so that their tips some- 
times came into contact with the bean above ; 5 grow out 
rectangularly to one side ; only a few of the remaining 12 were 
quite straight, and some of these towards the close of our 
observations became hooked at their extreme lower ends. 
Radicles, extended horizontally instead of vertically, with their 
tips cauterised, also sometimes grew distorted, but not so com- 
monly, as far as we could judge, as those suspended vertically ; 
for this occurred with only 5 out of 19 radicles thus treated. 

Instead of cutting off the tips, as iu the first set of experi- 
ments, we next tried the effects of touching horizontally ex- 
tended radicles with caustic in the manner just described. But 
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some preliminary remarks must first be made. It may bo ob- 
jected that the caustic would injure the radicles and prevent them 
from landing ; but ample evidence was given in Chapter III. 
that touching the tips of vertically suspended radicles with 
caustic on one side, does not stop their bending; on the 
contrary, it causes them to bend from the touched side. We 
also tried touching both the upper and the lower sides of the 
tips of some radicles of the bean, extended horizontally in damp 
friable earth. The tips of three were touched with caustic on 
their upper sides, and this would aid their gcotropic bending ; 
the tips of three were touched on their lower sides, which 
W'ould tend to counteract the tending downwards ; and three 
were left as controls. After 24 h. an independent observer was 
asked to pick out of the nine radicles, the two which were most 
and the two which were least bent ; he selected as the latter, 
two of those which had been touched on their lower sides, and 
ns the most bent, two of those which had been touclied on the 
upper side. Hereafter analogous and more striking experiments 
with J’isum fativum and Cucurhila ovifera will be given. We 
may therefore safely conclude that the mere application of 
caustic to the tip does not i)reveiit the radicles from bending. 

In the following experiments, tne tips of young horizontally 
extended radicles were just touched with a stick of dry caustic; 
and this was held transversely, so that the tip might be cau- 
terised all round as symmetrically as possible.. The radicles 
were then suspended in a closed vessel over water, kept rather 
coot, viz., 55°-59° F. This was done because we had found 
that the tips were more sensitive to contact under a low than 
under a high temperature ; and we thought that the same rule 
might apply to geotropism. In one exceptional trial, nine 
radicles (which were rather too old, for they had grown to a 
length of from 3 to 5 cm.), were extended horizontally in damp 
friable earth, after their tips had teen cauterised, and were 
kept at too high a temperature, viz., of 08 F., or 20° C. The 
result in consequence was not so striking as in the subsequent 
cases; for although when after 9 h. 40 m. six of them were 
examined, these did not exhibit any geotropic bending, yet after 
24 h., when all nine were examined, only two remained hori- 
zontal, two exhibited a trace of geotropism, and five were 
slightly or moderately geotropic, yet not comparable in degree 
with the control specimens. Marks had been made on seven of 
these cauterised radicles at 10 mm. from the tips, which includes 
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the whole growing portion ; and after the 24 h. this part had 
a mean length of 37 mm., so that it had increased to more 
than 3 V times its original length ; but it should be remembered 
that these beans had been exposed to a rather high temperature. 

Nineteen young radicles with cauterised tips were extended 
at different times horizontally over water. In every trial an 
equal number of control specimens were observed. In the first 
trial, the tips of three radicles were lightly touched with the 
caustic for 6 or 7 seconds, which was a longer application than 
usual. A fter 23 h. 30 m. (temp. 55°-56° F.) these three radicles, 




Fig. 190. 









• Viciafaba. state of radicles which had been e.tteuded horizontally for 
23 h. 30 m. : A, B, C, tips touched with caustic ; D, E, F, tips uncaute- 
rised. Lengths of radicles reduced to one-half scale, but by an accident 
the beans themselves not reduced in the same degree. 

A, B, C (Fig 196), were still horizontal, whilst the three control 
*• specimens had become within 8 h. slightly geolropic, and 
strongly so (U, E, F) in 23 h. 30 m. A dot had been made on 
all six radicles at 10 mm. from their tips, when first placed 
horizontally. After the 23 h. 30 m. this terminal part, originally 
10 mm. in length, had increased in the cauterised specimens to 
a mean length of 17 '3 mm., and to 15 '7 mm. in the control 
radicles, as shown in the figures by the unbroken transverse 
line ; the dotted line being at 10 mm. from the apex. The con- 
trol or uncauterised radicles, therefore, had actually grown less 
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than the cauterised; but this no doubt was accidental, for 
radicles of different ages grow at different r.ites, and the growth 
of different individuals is likewise affected by unknown causes. 
The state of the tips of these three radicles, which had been 
cauterised for a rather longer time than usual, was as follows : 
the blackened apex, or the part which had been actually touched 
by the caustic, was succeeded by a yellowish zone, due probably 
to the absorption of some of the caustic; in A, both zones 
together were 11 mm. in length, and 1'4 mm. in diameter at the 
base of the yellowish zone; in B, the length of both was only 
0 7 mm., and the diameter 0 7 mm.; in C, the length was 0'8 
mm., and the diameter 1'2 mm. 

Three other radicles, the tips of which had been touched with 
caustic during 2 or 3 seconds, remained (temp. 58°-59° F ) 
horizontal for 23 h. ; the control radicles having, of course, 
become geotropic within this time. The terminal growing part, 
10 mm. in length, of the cauterised radicles had increased in 
this interval to a mean length of 24 • 5 mm., and of the controls 
to a mean of 26 mm. A section of one of the cauterised tips 
showed that the blackened part was 0-5mm. in length, of which 
0 2 mm. extended into the vegetative point; and a faint dis- 
coloration could be detected even to T 6 mm. from the apex of 
the root-cap. 

In another lot of six radicles (temp. 55°-57° F.) the three 
control .specimens were plainly geotropic in 81 h. ; and after 24 h. 
the mean length of their terminal part had increased from 
10 ram. to 21 mm. When the caustic was applied to the three 
cauterised specimens, it was held quite motionless during 

5 seconds, and the result was that the black marks were ex- ' 
tremely minute. Therefore, caustic was again applied, after 
81 h., during which time no geotropic action had occurred. 
When the .specimens were re-examined after an additional 
interval of 151 h., one was horizontal and the other two showed, 
to our surprise, a trace of geotropism whiclr in one of them 
soon afterwards became strongly marked; but in this latter 
specimen the discoloured tip was only | mm. in length. The 
growing part of these three radicles increased in 24 h. from 
10 mm. to an average of 16 -5 mm. 

It would be superfluous to descrilie in detail the behaviour 
of the 10 remaining cauterised radicles. The corresponding 
control specimens all became geotropic in 8 h. Of the cauterised, 

6 were first looked at after 8 h., and one alone showed a traco 
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of geotropism ; 4 were fir.st looked at after 14 h., and one alone 
of these was slightly geotropic. After ‘23-24 h., 5 of the 10 were 
still horizontal, 4 slightly, and 1 decidedly, geotropic. After 
4b h. some of them became strongly geotropic. The cauterised 
radicles increased greatly in length, but the measurements are 
not worth giving. 

As five of the last-mentioned cauterised radicles had become in 
24 h. somewhat geotropic, these (together with three which were 
still horizontal) had their positions reversed, so that their tips 
were now a little upturned, and they were again touched with 
caustic. After 24 h. they showed no trace of geotropism ; whereas 
the eight corresponding control specimens, which had like- 
wise been reversed, in which position the tips of several pointed 
to the zenith, all became geotropic ; some having passed in the 
‘24 h. through an angle of 180°, others through alx)ut 13-3°, and 
others through only 90°. The eight radicles, which had been 
twice cauterised, were observed for an additional day (i.e. for 48 h. 
after being reversed), and they still showed no signs of geotro- 
pism. Nevertheless, they continued to grow rapidly ; four were 
measured 24 h. after being reversed, and they had in this time 
increased in length between 8 and 11 mm. ; the other four were 
measured 48 h. after being reversed, and these had increased by 
20, 18, 23, and 28 mm. 

In coming to a conclusion with respect to the effects of cauter- 
ising the tips of these radicles, we should bear in mind, 
firstly, that horizontally extended control radicles were always 
acted on by geotropism, and became somewhat bowed down- 
wards in 8 or 9 h. ; secondly, that the chief seat of the curvature 
lies at a distance of from 3 to 6 mm. from the tip ; thirdly, that 
the tip was discoloured by the caustic rarely for more than 
1 mm. in length ; fourthly, that the greater number of the cau- 
terised radicles, although subjected to the full influence of 
geotropism during the whole time, remained horizontal for 24 h., 
■ and some for tvfice as long ; and that those which did become 
bowed were so only in a slight degree ; fifthly, that the cau- 
terised radicles continued to grow almost, and sometimes quite, 
as well as the uninjured ones along the part which bends most. 
And lastly, that a touch on the tip with caustic, if on one side, 
far from preventing curvature, actually induces it. Bearing all 
these facts in mind, we must infer that under normal conditions 
the geotropic curvature of the root is due to an influence trans- 
mitted from the apex to the adjoiniug part where the bending 
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takes place; and that when the tip of the root is cauterised it is 
unable to originate the stimulus necessary to produce geotropic 
curvature. 

As we had observed that grease was highly injurious to some 
plants, we determined to try its efiFects on radicles. When the 
cotyledons of Phalaris and Avcna were covered with grease 
along one side, the growth of this side was quite stopped or 
greatly checked, and as the opposite side continued to grow, the 
cotyledons thus treated became bowed towards the greased side. 
This same matter quickly killed the delicate hypocotyls and 
young leaves of certain plants. The grease which we employed 
was made by mixing lamp-black and olive oil to such a con- 
.sistence that it could be laid on in a thick layer. The tips of 
five radicles of the bean were coated with it for a length of 
3 mm., and to our surprise this part increased in length in 23 h. 
to 7 • 1 mm. ; the thick layer of grease being curiously drawn 
out. It thus could not have checked much, if at all, the growth 
of the terminal part of the radicle. With respect to geotropism, 
the tips of seven horizontally extended radicles were coated for 
a length of 2 mm., and after 24 h. no clear difference could be 
perceived l>etween their downward curvature and that of an 
equal number of control specimens. Tlie tips of 33 other radicles 
were coated on different occasions for a length of 3 inm. ; and 
they were compared with the controls after 8h., 24 h., and 48 h. 
On one occasion, after 24 h., there was very little difference in 
curvature between the greased and control specimens; but 
generally the difference was unmistakable, those with greased 
tips being considerably less curved downwards. The whole 
growing part (the greased tips included) of six of these radicles 
was measured and was found to have increased in 23 h. from 
10 mm. to a mean length of 17 • 7 mm. : whilst the corresponding 
part of the controls had increased to 20’8 mm. It appears there- 
fore, that although the tip itself, when greased, continues to 
grow, yet the growth of the whole radicle is somewhat checked, 
and that the geotropio curvature of the upper part, which was 
free from grease, was in most cases considerably lessened. 

Pisum sativum . — Five radicles, extended horizontally over 
water, had their tips lightly touched two or three times with dry 
caustic. These tips were measured in two cases, and found to 
be blackened for a length of only half a millimeter. Five other 
radicles were left as controls. The part which is most bowed 
through geotropism lies at a distance of several millimeters from 
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the apex. After 21 h., and again after 32 h. from the commence- 
ment, foiir of the cauterised radicles were still horizontal, but 
one was plainly geotropic, being inclined at 45° beneath tlie 
horizon. The five controls were somewhat geotropic after 7 h. 
20 m., and after 21 h. were all strongly geotropic ; being inclined 
at the following angles beneath the horizon, viz., 59°, G0°, 65°, 
57°, and 43°. The length of the radicles was not measiu-ed in 
either set, but it was manifest that the cauterised radicles had 
grown greatly. 

The following case proves that the action of the caustic by 
itself does not prevent the curvature of the radicle. Ten radicles 
were extended horizontally on and beneath a lajer of damp 
friable peat-earth; and before being extended their tips were 
touched with dry caustic on the upi)er side. Ton Other radicles 
similarly placed were touched on the lower side ; and this would 
tend to make them bend from the cauterised side ; and therefore, 
as now placed, upwards, or in opposition to geotropism. Lastly, 
ten uncauterised radicles were extended horizontally as controls. 
After 24 h. all the latter were geotropic; and the ten with their 
tips cauterised on the upper side were equally geotropic ; and 
we believe that they became curved downwards before the con- 
trols. The ten which had been cauterised on the lower side 
presented a widely different appearance : No. 1, however, was 
perpendicularly geotropic, but this was no real exception, for on 
examieation under the microscope, there was no vestige of 
a coloured mark on the tip, and it was evident that by a mistake 
it had not been touched with the caustic. No. 2 was plainly 
geotropic, being inclined at about 45° beneath the horizon ; No. 3 
was slightly, and No. 4 only just perceptibly gcotropic; Nos. 5 
and 6 were strictly horizontal ; and the four remaining ones were 
bowed upwards, in opposition to geotropism. In these four 
cases the radius of the upward curvatures (according to Sachs’ 
cyclometer) was 5 mm., 10 mm., 30 mm., and 70 mm. This cur- 
*vature was distinct long before the 21 h. had elapsed, namely, 
after 8 h. 45 m. from the time when the lower sides of the tips 
were touched with the caustic. 

F/iaseolus rmdtifiorus . — Eight radicles, serving as controls, were 
extended horizontally, some in damp friable peat and some in 
damp air. They all became (temp. -0°-21° C.) plainly geo- 
tropic in 8 h. 30 m., for they then stood at an average angle of 63° 
beneath the horizon. A rather greater length of the radicle is 
bowed downwards by geotropism than in the case of Vicia faba, 
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that is to say, rather more than 6 mm. as measured from the apex 
of the root-cap. Nine other radicles -were similarly extended, 
three in damp peat and six in damp air, and dry caustic was 
held transversely to their tips during 4 or 5 seconds. Three of 
their tips were afterwards examined : in (1) a length of 0 • 68 mm. 
was discoloured, of which the basal 0*136 mm. was yellow, the 
apical part being black; in (2) the discoloration was 0*65 mm. 
in length, of which the basal 0*04 mm. was yellow ; in (3) the dis- 
coloration was 0*6 mm. in length, of which the basal 013 mm. 
was yellow. Therefore less than 1mm. was affected by the caustic, 
but this sufficed almost wholly to prevent geotropic action ; for 
after 24 h. one alone of the nine cauterised radicles became 
slightly geotropic, being now inclined at 10® beneath the horizon ; 
the eight others remained horizontal, though one was curved a 
little laterally. 

The terminal part (10 mm. in length) of the six cauterised 
radicles in the damp air, had more than doubled in length in 
the 24 h., for this part was now on an average 20*7 mm. long. 
The increase in length within the same time was greater in 
the control specimens, for the terminal part had grown on an 
average from 10 mm. to 26*6 mm. But as the cauterised 
radicles had more than doubled their length in the 24 h., it is 
manifest that they had not been seriously injured by the 
caustic. We may here add that when experimenting on the 
effects of touching one side of the tip with caustic, too much 
was applied at first, and the whole tip (but we believe not more 
than 1 mm. in length) of six horizontally extended radicles was 
killed, and these continued for two or three days to grow out 
horizontally. 

Many trials were made, by coating the tips of horizontally 
extended radicles with the before described thick grease. The 
geotropic curvature of 12 radicles, which were thus coated for 
a length of 2 mm., was delayetl during the first 8 or 9 h., but 
after 24 h. was nearly as. great as that of the control speci- 
mens. The tips of nine radicles were coated for a length of 3 mm., 
and after 7 h. 10 m. these stood at an average angle of 30° 
beneath the horizon, wMIst the controls stood at an average of 
54°. After 24 h. the two lots differed but little in their degree 
of curvature. In some other trials, however, there was a fairly 
well-marked difference after 24 h. between those with gre.ased 
tips and the controls. The terminal part of eight control speci- 
mens ino'eased in 24 h. from 10 mm. to a mean length of 
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24 '3 mm., whilst the mean increa.se of those whth greased tips 
was 20*7 mm. The grease, therefore, slightly checked the 
growth of the terminal part, but this part Wiis not much 
injured; for several radicles which had been greased for a 
length of 2 mm. continued to grow during seven days, and were 
then only a little shorter than the controls. The appearance 
presented by these radicles after the seven days was very 
curious, for the black grease had been drawn out into the finest 
longitudinal strife, with dots and reticulations, which covered 
their surfaces for a length of from 26 to 44 m’m., or of 1 to 
1'7 inch. We may therefore conclude that grease on the tips 
of the radicles of this Phaseolus somewhat delays and lessens 
the geotrojiic curvature of the part which ought to bend 
most. 

Gosaypium herhaceitm . — The ra tides of this plant bend, 
through the action of geotropisra, for a length of about 6 mm. 
Five radicles, placed horizontally in damp air, had their tips 
touched with caustic, and the discoloration extended for a 
length of from f to 1 mm. Tliey showed, after 7 h. 4.5 m. and 
again after 23 h., not a trace of geotropism ; yet the terminal 
portion, 9 mm. in length, had increased on an average to 
15 '9 mm. Six control radicles, after 7 h. 45 m., were all plainly 
geotropic, two of them being vertically dependent, and after 
23 h. all were vertical, or nearly so. 

Cucurbita ovi/era . — A large number of trials proved almost 
useless, from the three following causes: Firstly, the tips of 
radicles which have grown somewhat old are only feebly geo- 
tro])ic if kept in damp air ; nor did we • succeed well in our 
experiments, until the germinating seeds were placed in peat 
and kept at a rather high temperature. Secondly, the hypocotyls 
of the seeds which were pinned to the lids of the jars gradually 
became arched ; and, as the cotyledons were fixed, the movement 
-of the hypocotyl affected the position of the radicle, and caused 
confusion. Thirdly, the point of the radicle is so fine that it is 
difficult not to cauterise it either too much or too little. But 
we managed generally to overcome this latter difficulty, as the 
following exijerimeats show, which are given to prove that a 
touch with caustic on one side of the tip does not prevent the 
upper part of the radicle from bending. Ten radicles were laid 
horizontally beneath and on damp friable peat, and their tips 
were touched with caustic on the upper side. After 8 h. all 
were plainly geotropic, three of them rectangularly ; after 19 h. 
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all were strongly geotropic, most of them pointing perpen- 
dicularly downwards. Ten other radicles, similarly placed, had 
their tips touched with caustic on the lower side; after 8 h. 
three were slightly geotropic, hut not nearly so much so as the 
least geotropic of the foregoing specimens; four remained hori- 
zontal ; and three were curved upwards in opposition to gco- 
tropism. After 19 h. the three which were slightly geotropic 
hid become strongly so. Of the four horizontal radicles, one 
alone showed a trace of geotropism; of the three up-curved 
radicles, one rkained this ciu'vature, and the other two had 
become horizontal. 

The radicles of this plant, as already remarked, do not succeed 
well in damp air, but the result of one trial may be briefly 
given. Nine young radicles between ‘3 and "5 inch in length, 
with their tips cauterised and blackened for a length never 
exceeding h mm., together with eight control specimens, were 
extended horizontally in damp air. After an interval of only 
4 h. 10 m. all the controls were slightly geotropic, whilst not 
one of the cauterised specimens exhibited a trace of this action. 
After 8 h. 35 m., there was the same difference between the 
two sets, but rather more strongly marked. By this time both 
sets had increased greatly in length. The controls, however, 
never became much more curved downwards ; and after 24 h. 
there was no great difference between the two sets in their 
degree of curvature. 

Eight young radicles of nearly equal length (average ‘36 inch) 
were placed beneath and on peat-earth, and were exposed to a 
temp, of 75°-76° F. Their tips had been touched transversely 
with caustic, and five of them were blackened for a length of 
about 0-5 mm., whilst the other three were only just visibly dis- 
coloured. In the same box there were 15 control radicles, mostly 
about -36 inch in length, but some rather longer and older, and 
therefore less sensitive. After 5 h., the 15 control radicles were 
all more or less geotropic : after 9 h., eight of them were bent 
down beneath the horizon at various angles between 45° and 90°, 
the remaining seven being only slightly geotropic : after 25 h. all 
were rectangularly geotropic. The state ofjihe eight cauterised 
radicles after the same intervals of time was as follows: after 
5 h. one alone was slightly geotropic, and this was one w-ith 
the tip only a very little discoloured: after 9 h. the one just 
mentioned was rectangularly geotropic, and two others w'ere 
slightly so, and ihese were the three which had been scarcely 
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affected by the caustic; the other five were still strictly hori- 
zontal. After 24 h. 40 m. the three with only slightly discoloured 
tips were bent down rectangularly ; the other five were not in 
the least afiected, but several of them had grown rather tor- 
tuously, though still in a horizontal plane. The eight cauterised 
radicles which had at first a mean length of ‘36 inch, after 9 h. 
had increased to a mean length of '79 inch ; and after 24 h. 
40 m. to the extraordinary mean length of 2 inches. There 
was no plain difference in length between the five well cau- 
terised radicles which remained horizontal, and the tliree with 
slightly cauterised tips which had become abruptly bent down. 
A few of the control radicles were measured after 25 h., and 
they were on an average only a little longer than the cauterised, 
viz., 2T9 inches. We thus see that killing the extreme tip of 
the radicle of this plant for a length of about 0 5 mm., though it 
stops the geotropic bending of the upper part, hardly interferes 
with the growth of the whole radicle. 

In the same box with the 15 control specimens, the rapid geo- 
tropic bending and growth of which have just been described, 
there were six radicles, about 0 inch in length, extended hori- 
zontally, from which the tips had been cut off in a transverse 
direction for a length of barely 1 mm. The.se radicles were 
examined after 9 h. and again after 24 h. 40 m., and they all 
remained horizontal. They had not become nearly so tortuous 
as those above described which had been cauterised. The 
radicles with their tips cut off had grown in the 24 h. 40 m. as 
much, judging by the eye, as the cauterised specimens. 

Zca mays. — The tips of several radicles, extended horizontally 
in damp air, were dried with blotting-paper and then touched 
in the first trial during 2 or 3 seconds with dry caustic; but 
this was too long a contact, for the tips were blackened for a 
length of rather above 1 mm. They showed no signs of geo- 
^opism after an interval of 9 h., and were then thrown away. 
In a second trial the tips of three radicles were touched for a 
shorter time, and were blackened for a length of from 0‘5 to 
0‘75 mm. : tliey all remained horizontal for 4 h., but after 8 h. 
30 m. one of them, in which the blackened tip was only 0‘5 mm. 
in length, was inclined at 21° beneath the horizon. Six con- 
trol radicles all became slightly geotropic in 4 h., and strongly 
so after 8 h. 30 m., with the chief seat of curvature generally 
between 6 or 7 mm. from the apex. In the cauterised specimens, 
the teminal growing part, 10 mm. in length, increased during 
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the 8 h. 30 m. to a mean length of 13 mm. ; and in the controls 
to 14 3 mm. 

In a third trial the tips of five radicles (esiwsed to a temp, 
of 70°-71°) were touched with the caustic only once and very 
slightly ; they were afterwards examined under the microscope, 
and the part which was in any way discoloured was on an 
average 76 mm. in length. After 4 h. 10 m. none were bent; 
after 5 h. 45 m., and again after 23 h. 30 m., they still remained 
horizontal, excepting one which was now inclined 20“ beneath 
the horizon. The terminal part, 10 mm. in length, had in- 
creased greatly in length during the 23 h. 30 m., viz., to an 
average of 26 mm. Four control radicles beeamo slightly geo- 
tropic'’ after the 4 h. 10 m., and plainly so after the 5 h. 45 m. 
Their mean length after the 23 h. 30 m. had increased from 
10 mm. to 31 mm. Therefore a slight cauterisation of the tip 
checks slightly the growth of the whole radicle, and manifestly 
stops the bending of that part which ought to bend most under 
the influence of geotropism and which still continues to 
increase greatly in length. 

Concluding i?em a rfe.— Abundant evidence has now- 
been given, showing that with various plants the tip 
of the radicle is alone sensitive to geotropism ; and 
that when thus excited, it causes the adjoining parts 
to bend. The exact length of the sensitive part seems 
to be somewhat variable, depending in part on the age 
of the radicle ; but the destruction of a length of from 
less than 1 to 1'5 mm. (about Ti-th of an inch), in the 
several species observed, generally sufiBced to prevent 
any part of the radicle from bending within 24 h., or 
even for a longer period. The fact of the tip alone 
being sensitive is so remarkable a -fact, that we will 
here give a brief summary of the foregoing experiments. 
The tips were cut off 29 horizontally extended radicles 
of Vicia faha, and with a few exceptions they did not 
become geotropic in 22 or 23 h., whilst unmutilated 
radicles were always bowed downwards in 8 or 9 h. It 
should be borne in mind that the mere act of cutting 
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oif the tip of a horizontally extended radicle does not 
prevent the adjoining parts from bending, if the tip 
has been previously exposed for an hour or two to the 
influence of geotropism. The tip after amputation is 
sometimes completely regenerated in three days ; and 
it is possible that it may be able to transmit an 
impulse to the adjoining parts before its complete 
regeneration. The tips 'of six radicles of Cttcurbiia 
ovifm-a were amputated like those of Vicia fdba ; and 
these radicles showed no signs of geotropism in 24 h. ; 
whereas the control specimens were slightly affected 
in 5 h., and strongly in 9 h. 

With plants belonging to six genera, the tips of the 
radicles were touched transversely with dry caustic ; 
and the injury thus caused rarely extended for a greater 
length than 1 mm., and sometimes to a less distance, as 
judged by even the faintest discoloration. We thought 
that this would be a better method of destroying the 
vegetative point than cntting it off ; for we knew, from 
many previous experiments and from some given in 
the present chapter, that a touch with caustic on one 
side of the apex, far from preventing the adjoining 
part from bending, caused it to bend. In all the 
following cases, radicles with uncauterised tips were 
observed at the same time and under similar circum- 
stances, and they became, in almost every instance, 
plainly bowed downwards in one-half or one-third of 
*tlie time during which the cauterised specimens were 
observed. With Vicia faha 19 radicles were cau- 
terised ; 12 remained horizontal duriijg 23-24 h. ; 
6 became slightly and 1 strongly geotropic. Eight of 
these radicles were afterwards reversed, and again 
touched with caustic, and none of them became geo- 
tropic in 24 h., whilst the reversed control specimens 
became strongly bowed downwards within this time. 
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With Pisum sativum, five radicles had their tips touched 
with caustic, and after 32 h. four were still horizontal. 
The control specimens were slightly geotropic in 
7 h. 20 m., and strongly so in 24 h. The tips of 9 other 
radicles of this plant were touched only on the lower 
side, and 6 of them remained horizontal for 24 h., or 
were upturned in opposition to geotropisra ; 2 were 
slightly, and 1 plainly geotropic. MTth Phaseolus 
muUiftorus, 15 radicles were cauterised, and 8 re- 
mained horizontal for 24 h. ; whereas all the controls 
were plainly geotropic in 8 h. 30 m. Of 5 cauterised 
radicles of Gossypium lierbaceuin, 4 remained horizontal 
for 23 h. and 1 became slightly geotropic ; 6 control 
radicles were distinctly geotropic in 7 h. 45 m. Five 
radicles of Cucurhita ovifera remained horizontal in 
peat-earth during 25 h., and 9 remained so in damp 
air during 84 h. ; whilst the controls became slightly 
geotropic in 4 h. 10 m. The tips of 10 radicals of this 
plant were touched on their loicer sides, and 6 of 
them remained horizontal or were upturned after 19 h., 
1 being slightly and 3 strongly geotropic. 

Lastly, the tips of several radicles of Vieia.faha and 
Phaseolus multiflorus were thickly coated with grease 
for a length of 3 mm. This matter, which is highly 
injurious to most plants, did not kill or stop the growth 
of the tips, and only slightly lessened tlie rate of 
growth of the whole radicle ; but it generally delayed 
a little the geotropic bending of the upper part. 

The several foregoing cases would tell us nothing, 
if the tip itself was the part which became most 
bent ; but we know that it is a part distant from the 
tip by some millimeters which grows quickest, and 
which, under the influence of geotropism, bends most. 
We have no reason to suppose that this part is injured 
by the death or injury of the tip ; and it is certain 
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that after the tip has been destroyed this part goes on 
growing at such a rate, that its length was often doubled 
in a day. W e have also seen that the destruction of the 
tip does not prevent the adjoining part from bending, 
if this part has already received some influence from 
tlie tip. As with horizontally extehded radicles, of 
which the tip has been cut off or destroyed, the part 
which ought to bend most remains motionless for 
many hours or days, although exposed at right angles 
to the full influence of geotropism, we must conclude 
that the tip alone is sensitive to this power, and trans- 
mits some influence or stimulus to the adjoining parts, 
causing them to bend. We have direct evidence of 
such transmission ; for when a radicle was left extended 
horizontally for an hour or an hour and a half, by 
which time the supposed influence will have travelled 
a little distance from the tip, and the tip was then 
cut olf, the radicle afterwards became bent, although 
placed perpendicularly. The terminal portions of 
several radicles thus treated continued for some time 
to grow in the direction of their newly-acquired curva- 
ture ; for as they were destitute of tips, they were no 
longer acted on by geotropism. But after three or 
four days w'heu new vegetative points were formed, the 
radicles were again acted on by geotropism, and now 
they curved themselves perpendicularly downwards. 
To see anything of the above kind in the animal 
kingdom, we should have to suppose that an animal 
whilst lying down determined to rise up in some par- 
ticular direction ; and that after its head had been cut 
otf, an impulse continued to travel very slowly along 
the nerves to the proper muscles ; so that after several 
hours the headless animjil rose up in the predeter- 
mined direction. 

As the tip of the radicle has l)een found to be the 
24 
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part wliicli is sensitive to geotropism in the members of 
such distinct families as the Leguminosse, Malvaceae 
Cucurbitacea3 and Graminea), we may infer that this 
character is common to the roots of most seedling 
plants. Whilst a root is penetrating the ground, the 
tip must travel first ; and we can see the advantage of 
its being sensitive to geotropism, as it has to deter- 
mine the course of the whole root. Whenever the tip 
is deflected by any subterranean obstacle, it will also 
be an advantage that a considerable length of the root 
should be able to bend, more especially as the tip 
itself grows slowly and bends but little, so that the 
proper downward course may be soon recovered. But 
it ajrpears at first sight immaterial whether this were 
effected by the whole growing part being sensitive to 
geotropism, or by an influence transmitted exclusively 
from the tip. We should, however, remember that if 
is the tip which is sensitive to the contact of hard 
objects, causing the radicle to bend away from them, 
thus guiding it along the lines of least resistance in 
the soil. It is again the tip which is alone sensitive, 
at least in some cases, to moisture, causing the 
radicle to bend towards its source. These two kinds 
of sensitiveness conquer for a time the sensitiveness 
to geotropism, which, however, ultimately prevails. 
Therefore, the three kinds of sensitiveness must often 
come into antagonism ; first one prevailing, and then 
another ; and it would be an advantage, perhaps a 
necessity, for the interweighing and reconciling of 
these three kinds of sensitiveness, that they should 
be all localised in the same group of cells which have 
to transmit the command to the adjoining parts of 
the radicle, causing it to benxl to or from the source of 
irritation. 

Finally, the fact of the tip alone being sensitive to 
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the attraction of gravity has an important bearing on 
the theory of geotropisin. Authors seem generally to 
look at the bending of a radicle towards the centre of 
the earth, as the direct result of gravitation, which is 
believed to modify the growth of the upper or lower 
surfaces, in such a manner as to induce curvature in 
the proper direction. But we now know that it is the 
tip alone which is acted on, and that this part trans- 
mits some influence to the adjoining parts, causing 
them to curve downwards. Gravity does not appear 
to act in a more direct manner on a radicle, than it 
does on any lowly organised animal, which moves 
away when it feels some weight or pressure. 
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CHAPTER XII. 

ScMMAKY AND CONCLUDING REMARKS. 

Nature of the circumnutating moveT.ent — History of a germinating 
seed — The radicle first protrudes and eiicumnutatcs — Its lip 
highly sensitive— Emergence of the hypoeotyl or of the epicotyl 
from the ground under the form of an arch — Its circumnutation 
and tliat of the cotyledons— The seedling throws up a leaf-bearing 
stem— The circumnutation of all the parts or organs— Modified 
circumnutation— Epinasty and liyponastj— Movements of climbing 
plants -Nyctitropio movements— Movements excited by light and 
gravitation — Localised sensitiveness — Resemblance between the 
movements of plants and animals — The tip of the radicle acts like 
a brain. 

It may be useful to the reader if we briefly sum up 
the chief conclusions, which, as far as we can judge, 
have been fairly well established by the observations 
given in this volume. All the parts or organs in 
every plant whilst they continue to grow, and some 
parts which are provided with pulvini after they have 
ceased to grow, are continually circumnutating. This 
movement commences even before the young seedling 
has broken through the ground. The nature of the 
movement and its causes, as far as ascertained, have 
been briefly described in the Introduction. "Why 
every part of a plant whilst it is growing, and in some 
cases after growth has ceased, should have its cells 
rendered more turgeseent and its cell-walls more 
extensile first on one side and then on another, thus 
inducing circumnutation, is not known. It would 
appear as if the changes in the cells required periods 
of rest. 
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In some cases, as with the hypocotj^ls of Brassica, 
the leayes of Dionaea ami the joints of the Graininere, 
the ciicumnntating movement when viewed under the 
microscope is seen to consist of innumerable small 
oscillations. The part under observation suddenly 
jerks forwards for a lengtli of '002 to -001 of an inch, 
and then slowly retreats for a part of this distance ; 
after a few seconds it again jerks forwards, but with 
many intermissions. The retreating movement appa- 
rently is due to the elasticity of the resisting tissues. 
How far this oscillatory movement is general we do 
not know, as not many circuranutating plants were 
observed by us under the microscope ; but no such 
movement could be detected in the case of Drosera 
with a 2-inch object-glass which we used. The pheno- 
menon is a remarkable one. The whole hypocotyl 
of a cabbage or the whole leaf of a Dionaea could not 
jerk forwards unless a very large number of cells on 
one side were simultaneously affected. Are we to sup- 
pose that these cells steadily become more and more 
turgescent on one side, until the part suddenly yields 
and bends, inducing what may be called a micro- 
scopically minute earthquake in the plant ; or do the 
cells on one side suddenly become turgescent in an 
intermittent manner ; each forward movement thus 
caused being opposed by the elasticity of the tissues ? 

«. Circumnutation is of paramount importance in the 
life of every plant ; for it is through its modification 
that many highly beneficial or necessary movements 
have been acquired. When light strikes one siilo 
of a plant, or light changes into darkness, or when 
gravitation acts on a displaced part, the plant is 
enabled in some unknown manner to increase tlie 
always varying turgescence of the cells on one side ; 
so that the ordinary circumnutating movement is 
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modified, and the part bends either to or from tlio 
exciting cause ; or it may occupy a new position, as 
in the so-called sleep of leaves. The iuflvience which 
modifies circumnutatitm may be transmitted from one 
part to another. Innate or constitutional changes, 
independently of any external agency, often modify 
the circumnutatiug movements at particular periods 
of the life of the plant. As circumnutation is uni- 
versally present, we can understand how it is that 
movements of the same kind have been developed in 
the most distinct members of the vegetable series. 
But it must not be supposed that all the movements 
of plants arise from modified circumnutation ; for, as 
we shall presently see, there is reason to believe that 
this is not the case. 



Having made these few preliminary remarks, wo 
will in imagination take a germinating seed, and con- 
sider the part which the various movements play in 
the life-history of the plant The first change is the 
protrusion of the radicle, which begins at once to 
circumnutatc. This movement is immediately modi- 
fied by the attraction of gravity and rendered geo- 
tropic. The radicle, therefore, supposing the seed to 
be lying on the surface, quickly bends downwards, fol- 
lowing a more or less spiral course, as was seen on the 
smoked glass-plates. Sensitiveness to gravitation re- 
sides in the tip; and it is the tip which transmits 
some influence to the adjoining parts, causing them 
to bend. As soon as the tip, protected by the root- 
cap, reaches the ground, it penetrates the surface, if 
this be soft or friable ; and the act of penetration is 
apparently aided by the rucking or circumnutatiug 
movement of the whole end of the radicle. If the sur- 
face is compact, and cannot easily be penetrated, then 
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the seed itself, unless it be a heavy one, is displaced 
or lifted up by the continued growth and elongation 
of the radicle. But in a state of nature seeds often 
get covered with earth or other matter, or fall into 
crevices, &c., and thus a point of resistance is afforded, 
aud the tip can more easily penetrate the ground. 
But even with seeds lying loose on the surface there 
is another aid : a multitude of excessively fine hairs 
are emitted from the upper part of the radicle, and 
these attach themselves firmly to stones or other ob- 
jects lying on the surface, and can do so even to glass ; 
and thus the upper part is held down whilst the tip 
presses against and penetrates the ground. The 
attachment of the root-hairs is effected by the lique- 
faction of the outer surface of the cellulose walls, and 
by the subseqiicnt setting hard of the liquefied matter. 
Tliis curious process probably takes place, not for 
the sake of the attachment of the radicles to superficial 
objects, but in order that the hairs may be brought into 
the closest contact with the particles in the soil, by 
which means they can absorb the layer of water sur- 
rounding them, together with any dissolved matter. 

After the tip has penetrated the ground to a little 
depth, the increasing thickness of the radicle, together 
with the root-hairs, hold it securely in its place ; and 
now the force exerted by the longitudinal growth of 
the radicle drives the tip deeper into the ground. 
This force, combined with that due to transverse 
growth, gives to the radicle the power of a wedge. 
Even a growing root of moderate size, such as that 
of a seedling bean, can displace a weight of some 
pounds. It is not probable that the tip when buried 
in compact earth can actually circumuutate and thus 
aid its downward passage, but the circumnutating 
movement will facilitate the tip entering any lateral 
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or oblique fissure in the earth, or a burrow made by 
an earth-worm or larva ; and it is certain that roots 
often run down the old burrows of worms. The tip, 
howeA'er, in endeavouring to circumnutate, will con- 
tinually press against the earth on all sides, and this 
can hardly fail to be of the highest importance to the 
plant ; for we have seen that when little bits of card- 
like paper and of very thin paper were cemented on 
opposite sides of the tip, the whole growing part of 
the radicle was excited to bend away from the side 
bearing the card or more resisting substance, towards 
the side bearing the thin paper. We may therefore 
feel almost sure that when the tip encounters a stone 
or other obstacle in the ground, or even earth more 
compact on one side than the other, the root will bend 
away as much as it can from the obstacle or the more 
resisting earth, and will thus follow with unerring 
skill a line of least resistance. 

The tip is more sensitive to prolonged contact with 
an object than to gravitation when this acts obliquely 
on the radicle, and sometimes even when it acts in the 
most favourable direction at right angles to the rmlicle. 
The tip was excited by an attached bead of shellac, 
weighing less than ^ grain (U '33 mg.) ; it is 

therefore more sensitive than the most delicate ten- 
dril, namely, that of Passijlora gracilis, which was barely 
acted on by a bit of wire weighing 5\fth of a grain. But 
this degree of sensitiveness is as nothing compared wdth 
that of the glands of Drosera, for these are excited by 
particles weighing only 75755 of a grain. The sensi- 
tiveness of the tip cannot be accounted for by its 
being covered by a thinner layer of tissue than the 
other parts, for it is protected by the relatively thick 
root-cap. It is remarkable that although the radicle 
bends away, w hen one side of the tip is slightly touched 
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with caustic, yet if the side be much cauterised the 
injury is too great, and the power of transmitting some 
influence to the adjoining parts causing them to bend, 
is lost. Other analogous cases are known to occur. 

After a radicle has been deflected by some obstacle, 
geotropism directs the tip again to grow perpendicu- 
larly downwards; but geotropism is a feeble power, 
and here, a^ Sachs has shown, another interesting 
adaptive movemeut comes into play; for radicles at 
a distance of a few millimeters from the tip are 
sensitive to prolonged contact in such a manner that 
they bend towards the touching object, instead of from 
it as occurs when an object touches one side of the 
tip. Moreover, the curvature thus caused is abrupt; 
the pressed part alone bending. Uven slight pressui’e 
suffices, such as a bit of card cemented to one side. 
Therefore a radicle, as it passes over the edge of any 
obstacle in the ground, will through the action of geo- 
tropism press against it ; and this pressure will cause 
the radicle to endeavour to bend abruptly over the 
edge. It will thus recover as quickly as possible its 
normal downward course. 

Radicles are also sensitive to air which contains 
more moisture on one side than the other, and they 
bend towards its source. It is therefore probable that 
they are in like manner sensitive to dampness in the 
soil. It was ascertained in several cases that this 
sensitiveness resides in the tip, which transmits an 
influence causing the adjoining upper part to bend 
in opposition to geotropism towards the moist object. 
We may therefore infer that roots will be deflected 
from their downward course towards any source of 
moisture in the soil. 

Again, most or all radicles are slightly sensitive to 
light, and, according to Wiesner, generally bend a little 
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from it. Whether this can be of any service to them 
is very doubtful, but with seeds germinating on the 
surface it will slightly aid geotropism in directing 
the radicles to the ground.* We ascertained in one 
instance that such sensitiveness resided in the tip, and 
caused the adjoining parts to bend from the light. 
The sub-aerial roots observed by Wiesner were all 
apheliotropic, and this, no doubt, is of use in bringing 
them into contact with trunks of trees or surfaces of 
rock, as is their habit. 

We thus see that with seedling plants the tip of the 
radicle is endowed with diverse kinds of sensitiveness ; 
and that the tip directs the adjoining growing parts 
to bend to or from the exciting cause, according to the 
needs of the plant. The sides of the radicle are also 
sensitive to contact, but in a widely different manner. 
Gravitation, though a less powerful cause of move- 
ment than the other above specified stimuli, is ever 
present ; so that it ultimately prevails and determines 
the downward growth of the root. 

The primary radicle emits secondary ones which 
project sub-horizontally ; and these were observed in 
one case to cii’cumnutate. Their tips are also sensitive 
to contact, and they are thus excited to bend away 
from any touching object; so that they resemble in 
these respects, as far as they were observed, the 
primary radicles. If displaced they resume, as Sachs 
has shown, their original sub-horizontal position ; and 
this apparently is due to diageotropism. The secondary 
radicles emit tertiary ones, but these, in the case of 
the beau, are not affected by gravitation ; consequently 
they protrude in all directions. Thus the general 



• Dr. Karl Richter, who has in Wien,’ 1S79, p. H9), statw tliat 
especially attcn ierl to this subject apheliotropisra does not aid ra- 
(‘ K. Akad. der Wissehscliaften dicles in penetrating the ground. 
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arrangement of the three orders of roots is excellently 
adapted for searching the whole soil for nutriment. 

Sachs has shown that if the tip of the primary 
radicle is cut ofl’ (and the tip will occasionally be 
gnawed off with seedlings in a state of nature) one of 
the secondary radicles grows perpendicularly down- 
wards, in a manner which is analogous to the upward 
■ growth of a lateral shoot after the am])utation of 
the leading shoot. We have seen with radicles of the 
bean that if the primary radiele is merely compressed 
instead of being cut oft’, so that an excess of sap is 
directed into the secondary radicles, their natural con- 
dition is disturbed and they grow downwards. Other 
analogous facts have been given. As anything which 
disturbs the constitution is apt to lead to reversion, 
that is, to the resumption of a former character, it 
appears probable that when secondary radicles grow 
downwards or lateral shoots ujuvards, they revert to 
the primary manner of growth ju'oper to radicles and 
shoots. 

With dicotyledonous seeds, after the protrusion of 
the radicle, the hypocotyl breaks through the seed- 
coats; but if the cotyledons are hypogean, it is the 
epicotyl which breaks forth. These organs are at first 
invariably arched, with the upper part bent back 
parallel to the lower ; and they retain this form until 
they have risen above the ground. In some cases, 
however, it is the petioles of the cotyledons or of the 
first true leaves which break through the seed-coats 
as well as the ground, before any part of the stem 
protrudes ; and then the petioles are almost invariably 
arched. W e have met with only one exception, and that 
only a partial one, namely, with the petioles of the tv o 
first leaves of Acanthus candelahrum. With Delphinium 
nudieaule the petioles of the two cotyledons are com- 
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pletely cunflueut, and they break through the ground 
as an arch ; afterwards the petioles of the successively 
formed early loaves are arched, and they are thus 
enabled to break through the base of the confluent 
petioles of the cotyledons. In the case of Megarrhiza, 
it is the plumule which breaks as an arch through the 
tube formed by the confluence of the cotyledon- 
petioles. ^Yith mature plants, the flower-stems and 
the leaves of some few species, and the rachis of 
several ferns, as they emerge separately from the 
ground, are likewise arched. 

The fact of so many different organs in plants of 
many kinds breaking through the ground under the 
form of an arch, shows that this must be in some 
manner highly important to them. According to 
Haberlandt, the tender growing apex is thus saved 
from abrasion, and this is probably the true explana- 
tion. But as both legs of the arch grow, their power 
of breaking through the ground will be much in- 
creased as long as the tip remains within the seed- 
coats and has a point of support. In the case of 
monocotyledons the plumule or cotyledon is rarely 
arched, as far as we have seen ; but this is the case 
with the leaf-like cotyledon of the onion ; and the 
crown of the arch is here strengthened by a special 
protuberance. In the Graminete the summit of the 
straight, sheath-like cotyledon is developed into a 
hard'’ sharp crest, which evidently serves for breaking 
through the earth. With dicotyledons the arching of 
the epicotyl or hypocotyl often appears as if it merely 
resulted from the manner in which the parts are 
packed within the seed; but it is doubtful whether 
this is the whole of the truth in any case, and it cer- 
tainly was not so in several cases, in which the arch- 
in was seen to commence after the parts had wholly 
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escaped from the seed-coats. As the arching occurred 
in whatever position the seeds were placed, it is no 
doubt due to temporarily increased growth of the 
nature of epinasty or hyponasty along one side of the 
part. 

As this habit of the hypocotyl to arch itself appears 
to be universal, it is probably of very ancient origin. 
It is therefore not surprising that it should be in- 
herited, at least to some extent, by plants having 
hypogean cotyledons, in which the hypocotyl is only 
slightly developed and never protrudes above the 
ground, and in which the arching is of course now 
quite useless. This tendency explains, as we have 
seen, the curvature of the hypocotyl (and the conse- 
quent movement of the radicle) which was first 
observed by Sachs, and which we have often had to 
refer to as Sachs’ curvatirre. 

The several foregoing arched organs are continually 
circumnutating, or endeavouring to circumnutate, even 
before they break through the ground. As soon as 
any part of the arch protrudes from the seed-coats it 
is acted iqion by apogeotropism, and both the legs 
bend upwards as quickly as the surrounding earth will 
permit, until the arch stands vertically. By continued 
growth it then forcibly breaks through the ground ; 
but as it is continually striving to circumnutate this 
will aid its emergence in some slight degree, for we 
know that a circumnutating hypocotyl can push away 
damp sand on all sides. As soon as the feintest ray of 
light reaches a seedling, heliotropism will guide it 
through any crack in the soil, or through an entangled 
mass of overlying vegetation ; for apogeotropism by 
itself can direct the seedling only blindly upwards. 
Hence probably it is that sensitiveness to light resides 
in the tip of the cotyledons of the Gramineae, and in 
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the upper part of the hypocotyls of at least some 
plants. 

As the arch grows upwards the cotyledons are 
dragged out of the ground. The seed-coats are either 
left behind buried, or are retained for a time still 
enclosing the cotyledons. These are afterwards cast 
off merely by the swelling of the cotyledons. Ilut 
with most of the Cucurbitacese there is a curious 
special contrivance for bursting the seed-coats whilst 
beneath the ground, namely, a peg at the base of the 
hypocotyl, projecting at right angles, which holds down 
the lower half of the seed-coats, whilst the growth 
of the arched part of the hypocotyl lifts up the upper 
half, and thus splits them in twain. A somewhat 
analogous structure occurs in Mimosa pudica and some 
other plants. Before the cotyledons are fully ex- 
panded and have diverged, the hypocotyl generally 
straightens itself by increased growth along the con- 
cave side, thus reversing the process which caused 
the arching. Ultimately not a trace of the former 
curvature is left, except in the case of the leaf-like 
cotyledons of the onion. 

The cotyledons can now assume the function of 
leaves, and decompose carbonic acid ; they also yield 
up to other parts of the plant the nutriment which 
they often contain. When they contain a large stock 
of nutriment they generally remain buried beneath 
the ground, owing to the small development of the 
hypocotyl ; and thus they have a better chance of 
escaping destruction by animals. From unknown 
causes, nutriment is sometimes stored in the hypocotyl 
or in the radicle, and then one of the cotyledons or 
both become rudimentary, of which several instances 
have been given. It is probable that the extraordi- 
nary manner of germination of Megarrlnza Cdliformea, 
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Ipomcea leptophyUa and pandurata, and of Quercus 
virens, is connected with the burying of the tuber-like 
roots, which at an early age are stocked with nutri- 
ment ; for in these plants it is the petioles of the 
cotyledons which first protrude from the seeds, and 
they are then merely tipped with a minute radicle and 
hypocotyl. These petioles bend down geotropically 
like a root and penetrate the ground, so that the true 
root, which afterwards becomes greatly enlarged, is 
buried at some little depth beneath the suriacA Gra- 
dations of structure are always interesting, and Asa 
Gray informs us that with Ipomoea Jalappa, which 
likewise forms huge tubers, the hypocotyl is still of 
considerable length, and the petioles of the cotyledons 
are only moderately elongated. But in addition to the 
advantage gained by the concealment of the nutritious 
matter stored within the 'tubers, the plumule, at least 
in the case of Megarrhiza, is protected from the frosts 
of winter by being buried. 

•With many dicotyledonous seedlings, as has lately 
been described by De Tries, the contraction of tlie 
parenchyma of the upper part of the radicle drags the 
hypocotyl downwards into the earth ; sometimes (it is 
said) until even the cotyledons are buried. The hypo- 
cotyl itself of some species contracts in a lilce manner. 
It is believed that this burying process serves to 
protect the seedlings against the frosts of winter. 

Our imaginary seedling is now mature as a seedling, 
for its hypocotyl is straight and its cotyledons are 
fully expanded. In this state the upper part of the 
hypocotyl and the cotyledons continue for some time 
to circumnutate, generally to a wide extent relatively 
to the size of the parts, and at a rapid rate. But 
seedlings profit by this power of movement only when 
it is modified, especially by the action of light and 
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gravitation ; for they are thus enabled to move more 
rapidly and to a greater extent than can most mature 
plants. Seedlings are subjected to a severe struggle 
for life, and it appears to be highly important to them 
that they should adapt themselves as quickly and as 
perfectly as possible to their conditions. Hence also 
it is that they are so extremely sensitive to light and 
gravitation. The cotyledons of some few species are 
sensitive to a touch ; but it is probable that this is 
only an4ndirect result of the foregoing kinds of sen- 
sitiveness, for there is no reason to believe that they 
profit by moving when touched. 

Our seedling now throws up a stem bearing leaves, 
and often branches, all of which whilst young are con- 
tinually circumnutating. If we look, for instance, at a 
great acacia tree, we may feel assured that every one of 
the innumerable growing shoots is constantly describ- 
ing small ellipses ; as is each petiole, sub-petiole, and 
leaflet. The latter, as well as ordinary leaves, gene- 
rally move up and down in nearly the same vertical 
plane, so that they describe very narrow ellipses. 
The flower-peduncles are likewise continually circum- 
nutating. If we could look beneath the ground, and 
our eyes had the power of a microscope, we should see 
the tip of each rootlet endeavouring to sweep small 
ellipses or circles, as far as the pressure of the sur- 
rounding earth permitted. All this astonishing amount 
of movement has been going on year after year since 
the time, when, as a seedling, the tree first emerged 
from the ground. 

Stems are sometimes developed into long runners or 
stolons. These circumnutate in a conspicuous manner, and 
are thus aided in passing between and over surrounding 
obstacles. But whether the circumnutating movement 
has been increased for this special purpose is doubtful. 
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We have now to consider circumnutation in a 
modified form, as the source of several great classes of 
movement. The modification may he determined by 
innate causes, or by external agencies. Under the first 
head we see leaves which, when first unfolded, stand 
in a vertical position, and gradually bend downwards 
as they grow older.. We see flower-peduncles bending 
down after the flower has withered, and others rising 
up ; or again, stems with their tips at first bowed 
downwards, so as to be hooked, afterwards straighten- 
ing themselves ; and many other such cases. These 
changes of position, which are due to epinasty or 
hyponasty, occur at certain periods of the life of the 
plant, and are independent of any external agency. 
They are effected not by a continuous upward or 
downward movement, but by a succession of small 
ellipses, or by zigzag lines, — that is, by a circum- 
nutating movement which is preponderant in some 
one direction. 

Again, climbing plants whilst young circumnutate 
in the ordinary manner, but as soon as the stem 
has grown to a certain height, which is different for 
different species, it elongates rapidly, and now the 
amplitude of the circumnutating movement is im- 
mensely increased, evidently to favour the stem catch- 
ing hold of a support. The stem also cireumnutates 
rather more equally to all sides than in the case ot 
non-climbing plants. This is conspicuously the case 
with those tendrils which consist of modified leaves, 
as these sweep wide circles ; whilst ordinary leaves 
usually circumnutate nearly in the same vertical plane. 
Flower-peduncles when converted into tendrils have 
their circumnutating movement in like manner greatly 
increased. 

We now come to our second group of circuranu- 
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tatiug movements — those modified through external 
agencies. The so-called sleep or nyctitropic move- 
ments of leaves are determined by the daily alterna- 
tions of light and darkness. It is not the darkness 
which excites them to move, hut the difference in the 
amount of light which they receive during the day 
and night ; for with several species, if the leaves have 
not been brightly illuminated during the day, they 
do not sleep at night. They inherit, however, some 
tendency to move at the proper periods, indepen- 
dently of any change in the amount of light. The 
movements are in some cases extraordinarily complex, 
but as a full summary has been given in the chapter 
devoted to this subject, we will here, say but little on 
this head. Leaves and cotyledons assume their noc- 
turnal position by two means, by the aid of pulvini and 
without such aid. In the former case the movement 
continues as long as the leaf or cotyledon remains in 
full health ; whilst in the latter case it continues only 
whilst the part is growing. Cotyledons appear to 
sleep in a larger proportional number of species than 
do leaves. In some species, the leaves sleep and not 
the cotyledons ; in others, the cotyledons and not the 
leaves ; or both may sleep, and yet assume widely 
different positions at night. 

Although the nyctitropic movements of leaves and 
cotyledons are wonderfully diversified, and sometimes 
differ much in the species of the same genus, yet the 
blade is always placed in such a po.sition at night, that 
its upper surface is exposed as little as possible to full 
radiation. We cannot doubt that this is the object 
gained by these movements ; and it has been proved 
that leaves exposed to a clear sky, with their blades 
compelled to remain horizontal, suffered much more 
from the cold than others which were allowed to assume 
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their proper vertical position. Some curious facts 
have been given under this head, showing that hori- 
zontally extended leaves suffered more at night, when 
the air, which is not cooled by radiation, was prevented 
from freely circulating beneath their lower surfaces ; 
and so it was, when the leaves were allowed to go to 
sleep on branches which had been rendered motionless. 
In some species the petioles rise up greatly at night, 
and the pinnae close together. The whole plant is 
thus rendered more compact, and a much smaller 
surface is exposed to radiation. 

That the various nyctitropic movements of leaves 
result from modified circumnutation has, we think, 
been clearly shown. In the simplest cases a leaf 
describes a single large ellipse during the 24 h. ; and 
the movement is so arranged that the blade stands 
vertically during the night, and reassumes its former 
position on the following morning. The course pursued 
differs from ordinary circumnutation only in its greater 
amplitude, and in its greater rapidity late in the 
evening and early on the following morning. Unless 
this movement is admitted to be one of circumnu- 
tation, such leaves do not circumnutate at all, and this 
would be a monstrous anomaly. In other cases, leaves 
and cotyledons describe several vertieal ellipses during 
the 24 h. ; and in the evening one of them is increased 
greatly in amjditude until the blade stands vertically 
either upwards or downwards. In this position it con- 
tinues to circumnutate until the following morning, 
when it reassumes its former j)osition. These move- 
ments, when a pulvinus is present, are often compli- 
cated by the rotation of the leaf or leaflet ; and such 
rotation on a small scale occurs during ordinary cir- 
cumnutation. The many diagrams showing the move- 
ments of sleeping and non-sleeping leaves and coty- 
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ledons should be compared, and it will be seen that 
they are essentially alike. Ordinary circumnutation 
is converted into a nyctitropic movement, firstly by an 
increase in its amplitude, but not to so great a degree 
as in the case of climbing plants, and secondly by its 
being rendered periodic in relation to the alterna- 
tions of day and night. But there is frequently a 
distinct trace of periodicity in the circumnutating 
movements of non-sleeping leaves and cotyledons. 
The fact that nyctitropic movements occur in species 
distributed in many families throughout the whole 
vascular series, is intelligible, if they result from the 
modification of the universally present movement of 
circumnutation ; otherwise the fact is inexplicable. 

In the seventh chapter we have given the case of 
a Porlieria, the leaflets of which remained closed all 
day, as if asleep, when the plant was kept dry, appa- 
rently for the sake of checking evaporation. Some- 
thing of the same kind occurs with certain Gramineoe. 
At the close of this same chapter, a few observations 
were appended on what may be called the embryology 
of leaves. The leaves produced by young shoots on 
cut-down plants of Melilutus taurica slept like those of 
a Trifolium, whilst the leaves on the older branches 
on the same plants slept in a very different manner, 
proper to the genus ; and from the reasons assigned 
we are tempted to look at this case as one of reversion 
to a former nyctitropic habit. So again with Desmo- 
diurn gtjrans, the absence of small lateral leaflets on 
very young plants, makes us suspect that the imme- 
diate progenitor of this species did not possess lateral 
leaflets, and that their aj)pearance in an almost rudi- 
mentary condition at a somewhat more advanced age 
is the result of reversion to a trifoliate predecessor. 
However this may be, the rapid circumnutating or 
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gyrating movements of the little lateral leaflets, seem 
to be due proximately to the pulvinus, or organ of 
movement, not having been reduced nearly so much 
as the blade, during the successive modifications 
through which the species has passed. 

We now come to the highly important class of 
movements due to the action of a lateral light. When 
stems, leaves, or other organs are placed, so that one 
side is illuminated more brightly than the other, they 
bend towards the light. TJiis heliotropic movement 
manifestly results from the modification of ordinary 
circumnutation ; and every gradation between the two 
movements could be followed. When the light was 
dim, and only a very little brighter on one side than 
on the other, the movement consisted of a succession 
of ellipses, directed towards the light, each of which 
approached nearer to its source than the previous one. 
When the difference in the light on the two sides 
was somewhat greater, the ellipses were drawn, out 
into a strongly-marked zigzag line, and when much 
greater the course became rectilinear. We have 
reason to believe that changes in the turgescence of 
the cells is the proximate cause of the movement 
of circumnutation ; and it appears that when a plant 
is unequally illuminated on the two sides, the always 
changing turgescence is augmented along one side, 
and is weakened or quite arrested along the other 
sides. Increased turgescence is commonly followed by 
increased growth, so that a plant which has bent itself 
towards the light during the day would be fixed in this 
position were it not for apogeotropism acting during 
the night. But parts provided with pulvini bend, as 
Pfeffer has shown, towards the light ; and here growth 
does not come into play any more than in the ordinary 
circumnutating movements of pulvini. 
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Heliotropism prevails widely throughout the vege- 
table kingdom, but whenever, from the changed habits 
of life of any plant, such movements become injuriHUs 
or useless, the tendency is easily eliminated, as we see 
with climbing and insectivorous plants. 

Apheliotropic movements are comparatively rare in 
a well-marked degree, excepting with sub-alh-ial roots. 
In the two cases investigated by us, the movement 
certainly consisted of modified circumnutation. 

The position which leaves anil cotyledons occupy 
during the day, namely, more or h.'ss transversely to 
the direction of the light, is due, according to Frank, 
to what we call diaheliotropism. As all leaves and 
cotyledons are continually circumnutating, there can 
hardly be a doubt that diaheliotropism results from 
modified circumnutation. From the fact of leaves and 
cotyledons frcciucntly rising a little in the evening, it 
appears as if diaheliotropism had to conquer during 
the middle of the day a widely prevalent tendency to 
apogeotropism. 

Lastly, the leaflets and cotyledons of some plants 
are known to be injured by too much light ; and when 
the sun shines brightly on them, they move upwards 
or downwards, or twist laterally, so that they direct 
their edges towards the light, and thus they escape 
being injured. These paraheliotropic movements cer- 
tainly consisted in one case of modified circumnuta- 
tion ; and so it probably is in all cases, for the leaves 
of all the species described circumnutate in a con- 
spicuous manner. This movement has hitherto been 
observed only with leaflets provided with pulvini, in 
which the increased turgescence on opposite sides is 
not followed by growth ; and we can understand why 
this should be so, as the movement is required only 
'•for a temporary purjiose. It would manifestly be dis- 
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advantageous for the leaf to be fixed by growth in its 
inclined position. For it has to assume its former 
horizontal position, as soon as possible after the sun 
has ceased shining too briglitly on it. 

The extreme sensitiveness of certain seedlings to 
light, as shown in our ninth chapter, is highly remark- 
able. The cotyledons of Phalaris became curved 
towards a distant lamp, which emitted so little light, 
that a pencil held vertically close to the plants, did 
not cast any shadow which the eye could perceive 
on a white card. These cotyledons, therefore, were 
aifectod by a diflerence in he amount of light on their 
two sides, which the eye could not distinguish^ The 
degree of their curvature within a given time towards 
a lateral light did not correspond at all strictly with 
the amount of light which they received ; the light 
not being at auy time in excess. They continued for 
nearly half an hour to bend towards a lateral light, 
after it had been extinguished. They bend with 
remarkable precision towards it, and this depends on 
the illumination of one whole side, or on the obscura- 
tion of the whole opposite side. The difference in the 
amount of light which plants at any time receive in 
comparison with what they have shortly before re- 
ceived, seems in all cases to be the chief exciting cause 
of those movements which are influenced by light. 
Thus seedlings brought out of darkness bend towards 
a dim lateral light, sooner than others which had pro- 
viously been exposed to daylight. We have seen 
several analogous cases with the nyctitropic move- 
ments of leaves. A striking instance was observed in 
the case of the periodic movements of the cotyledons 
of a Cassia; in the morning a pot was placed in an 
obscure part of a room, and all the cotyledons rose up 
closed ; another pot had stood in the sunlight, and 
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the cotyledons of course remained expanded ; both 
pots were now placed close together in the middle oi 
the room, and the cotyledons which had been exposed 
to the sun, immediately began to close, while the 
others opened ; so that the cotyledons in the two pots 
moved in exactly opposite directions whilst exposed 
to the same degree of light. 

We found that if seedlings, kept in a dark place, 
were laterally illuminated by a small wax taper for 
only two or three minutes at intervals of about three- 
quarters of an hour, they all became bowed to the 
point where the taper had been held. AVe felt much 
surprised at this fact, and until we had read A\ iesner s 
observations, we attributed it to the after-eflects of 
the lights but he has shown that the same degree 
of curvature in a plant may be induced in the 
course of an hour by several interrupted illumina- 
tions lasting altogether for 20 m., as by a continuous 
illumination of GO m. AA’e believe that this case, 
as well as onr own, may be explained by the ex- 
citement from light being due not so much to its 
actual amount, as to the difierence in amount from 
that previously received ; and in our case there were 
repeated alternations from complete darkness to light. 
In this, and in several of the above specified respects, 
light seems to act on the tissues of plants, almost in 
the same manner as it does on the nervous system 
of animals. 

There is a much more striking analogy of the same 
kind, in the sensitiveness to light being localised in 
the tips of the cotyledons of Phalaris and Avena, and 
in the upper part of the hypocotyls of Brassica and 
Beta ; and in the transmission of some influence from 
these upper to the lower parts, causing the latter to 
bend towards the light. This influence is also trans- 
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mitted beneath the soil to a depth where no light 
enters. It follows from this localisation, that the 
lower parts of the cotyledons of Phalaris, &c., which 
normally become more bent towards a lateral light 
than the upper parts, may he brightly illuminated 
during many hours, and will not bend in the least, if 
all light be excluded from the tip. It is an interest- 
ing experiment to place caps over the tips of the 
cotyledons of Phalaris, and to allow a very little light 
to enter through minute orifices on one side of the 
caps, for the lower part of the cotyledons will then 
bend to this side, and not to the side which has been 
brightly illuminated during the whole time. In the 
case of the radicles of Sinapis alba, sensitiveness to 
light also resides in the tip, which, when laterally 
illuminated, causes the adjeuning part of the root to 
bend apheliotropically. 

Gravitation excites plants to bend away from the 
centre of the earth, or towards it, or to place them- 
selves in a transverse position with respect to it. 
Although it is impossible to modify in any direct 
manner the attraction of gravity, yet its influence 
could be moderated indirectly, in the several ways 
described in the tenth chapter ; and under such 
circumstances the same kind of evidence as that given 
in the chapter on Heliotropism, showed in the plainest 
manner that apogeotropic and geotropic, and probably 
diageotropic movements, are all modified forms of 
eircumnutation. 

Different parts of the same plant and different 
species are affected by gravitation in widely different 
degrees and manners. Some plants and organs exhibit 
hardly a trace of its action. Young seedlings w hich, 
as we know, circumnutate rapidly, are eminently sensi- 
tive ; and we have seen the hypocotyl of Beta bending 
25 
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upwards through 109’ in 3 h. 8 m. The after-effects 
of apogeotropism last for above half an hour , and 
horizontally-laid hypocotyls are sometimes thus car- 
ried temporarily beyond an upright position. The 
benefits derived from geotropism, apogeotropism, and 
diageotropism, are generally so manifest that they 
need not be specified. With the flower-peduncles of 
Oxalis, epinasty causes them to bond down, so that 
the ripening pods may be protected by the calyx 
from the rain. Afterwards they are carried upwards 
by apogeotropism in combination with hyponasty, and 
are thus enabled to scatter their seeds over a wider 
space. The capsules and flower-heads of some plants 
arc bowed downwards through geotropism, and they 
then bury themselves in the earth for the protection 
and slow maturation of the seeds. This burying 
process is much facilitated by the rocking movement 
due to circumnutation. 

In the case of the radicles of several, probably of all 
seedling plants, sensitiveness to gravitation is confined 
to the tip, which transmits an influence to the adjoining 
upper part, causing it to bend towards the centre of 
the earth. That there is transmission of this kind was 
proved in an interesting manner when horizontally 
extended radicles of the bean were exposed to the 
attraction of gravity for 1 or li h., and their tips were 
then amputated. Within this time no trace of curva- 
ture was exhibited, and the radicles were now placed 
pointing vertically downwards ; but au influence had 
already been transmitted from the tip to the adjoining 
part, for it soon became bent to one side, in the same 
manner as would have occurred had the radicle 
remained horizontal and been still acted on by geo- 
tropism. Eadicles thus treated continued to grow out 
horizontally for two or three days, until a new tip was 



© The Complete Work of Charles Darwin Online 



Chap. XII. 



CONCLUDING REMAEKS. 



569 



reformed ; and this was then acted on by geotropism, 
and the radicle became curved perpendicularly down- 
wards. 

It has now been shown that the following important 
classes of movement all arise from modified circum- 
nutation, which is omnipresent whilst growth lasts, 
and after growth has ceased, whenever pulvini are 
present. These classes of movement consist of those 
due to epinasty and hyponasty, — those pro'per to 
climbing plants, commonly called revolving nutation, 
— the nyctitropic or sleep movements of leaves and 
cotyledons, — and the two immense classes of move- 
ment excited by light and gravitation. AVhen we 
speak of modified circumnutation we mean that light, 
or the alternations of light and darkness, gravitation, 
slight pressure or other irritants, and certain innate 
or constitutional states of the plant, do not directly 
cause the movement ; they merely lead to a tempo- 
rary increase or diminution of those spontaneous 
changes in the turgescence of the cells which are 
already in progress. In what manner, light, gravita- 
tion, &c., act on the cells is not known ; and we 
will here only remark that, if any stimulus affected 
the cells in such a manner as to cause some slight 
tendency in the affected part to bend in a beneficial 
manner, this tendency might easily be increased 
through the preservation of the more sensitive indi- 
viduals. But if such bending were injurious, the 
tendency would be eliminated unless it was over- 
powtjringly strong; for we know how commonly all 
characters in all organisms vary. Kor can we see any 
reason to doubt, that after the complete elimination of 
a tendency to bend in some one direction under a 
certain stimulus, the power to bend in a dii-ectly 
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opposite direction might gradually be acquired through 
natural selection.* 

Although so many movements have arisen through 
modified circumnutation, there are others which 
appear to have had a quite independent origin ; hut 
they do not form such large and important classes. 
When a leaf of a Mimosa is touched it suddenly 
assumes the same position as when asleep, but Briicke 
has shown that this movement results from a different 
state (Jf turgescence in the cells from that which 
occurs during sleep ; and as sleep-movements are cer- 
tainly due to modified circumnutation, those from a 
touch can hardly be thus due. The back of a leaf of 
Drosera rotundi/olict was cemented to the summit of 
a stick driven into the ground, so that it could not 
move in the least, and a tentacle was observed during 
many hours under the microscope ; but it exhibited 
no circuninutating movement, yet after being mo- 
mentarily touched with a bit of raw meat, its basal 
part began to curve in 23 seconds. This curving 
movement therefore could not have resulted from 
modified circumnutation. But when a small object, 
such as a fragment of a bristle, was placed on one side 
of the tip of a radicle, which we know is continually 
circumnutating, the induced curvature was so similar 
to the movement caused by geotropism, that we can 
hardly doubt that it is due to modified circumnu- 
tation. A flower of a IMahonia was cemented to a 
stick, and the stamens exhibited no signs of circum- 
nutatiou under the microscope, yet when they were 
lightly touched they suddenly moved towards the pistil. 
Lastly, the curling of the extremity of a tendril when 

• See the iviuaiks in Frank’s 91, &c ), on naluriil selection in 
•Die wnseieehte Ixichtung von connection with geotropism, lielio- 
Ptlanzenlheilen’ (1S70, pp. 90, tropisni, &c. 
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touched seems to be independent of its revolving or 
circummitating movement. This is best shown by the 
part which is the most sensitive to contact, circum- 
nutating much less than the lower parts, or apparently 
not at all.* 

Although ill these cases we have no reason to 
believe that the movement depends on modified eir- 
cuinnutation, as with the several classes of movement 
described in this volume, yet the difference between 
the two sets of cases may not be so great as it at 
first appears. In the one set, an irritant causes an 
increase or diminution in the turgescence of the cells, 
w'hich are already in a state of change ; whilst in the 
other set, the irritant first starts a similar change in 
their state of turgescence. Why a touch, slight 
pressure or any other irritant, such as electricity, heat, 
or the absorption of animal matter, should modify the 
turgescence of the affected cells in such a manner as to 
cause movement, we do not know. But a touch acts in 
this manner so often, and on such widely distinct plants, 
that the tendency seems to be a very general one ; and 
if beneficial, it might be increased to any extent. In 
other cases, a touch produces a very different effect, 
as with Nitella, in which the protoplasm may be seen 
to recede from the walls of the cell ; in Lactuca, in 
which a milky fluid exudes; and in the tendrils of 
certain Vitacem, Cucurbitacem, and Bignoniacea;, in 
which slight pressure causes a cellular outgrowth. 

Finally, it is impossible not to be struck with the 
resemblance between the foregoing movements of 
plants and many of the actions performed uncon- 
sciously by the lower animals.f With plants an 

* For tlio evidence on this pp. 173, 174. 
head, see tlie ‘ Movements and t Sachs remarks to nearly the 
Habits of Climbing Plants,’ 1875, same effect : “ Dass sich die le- 
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astonishingly small stimulus siiffices; and “even with 
allied plants one may be highly sensitive to the 
slightest continued pressure, and another highly sensi- 
tive to a slight momentary touch. The habit of moving 
at certain periods is inherited both by plants and 
animals ; and several other points of similitude have 
been specified. But the most striking resemblance is 
the localisation of their sensitiveness, and the transmis- 
sion of an influence from the excited part to another 
which consequently moves. Yet plants do not of course 
possess nerves or a central nervous system; and we 
may infer that with animals such structures serve only 
for the more perfect transmission of impressions, and 
for the more complete intercommunication of the 
several parts. 

We believe that there is no structure in plants more 
w^oiiderful, as far as its functions are concerned, than 
the tip of the radicle. If the tip be lightly pressed 
or burnt or cut, it transmits an influence to the upper 
adjoining part, causing it to bend away from the 
affected side; and, what is more surprising, the tip 
can distinguish between a slightly harder and softer 
object, by which it is simultaneously pressed on oppo- 
site sides. If, however, the radicle is pressed by a 
similar object a little above the tip, the pressed part 
does not transmit any influence to the more distant 
parts, but bends abruptly towards the object. If the 
tip perceives the air to be moister on one side than 
on the other, it likewise transmits an influence to the 
upper adjoining part, which bends towards the source 
of moisture. When the tip is excited by light (though 



bencle Pflanzensubstnnz derart lich.vfie die veri^cbiederen Sinnee- 

iniicilieh difteieiizirt, dass eiu- nerveu des Tliiere’ (‘Arbi-ilen 

zi-loe Thoilo niit speeifisohen dcs Bot. Inst, iu Wurzburg,’ Bd. 
Eiiergien ausgeriistet siiid, ahn- ii. 1879, p. 282). 
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in the case of radicles this was ascertained in only a 
single instance) the adjoining part bends from the 
light ; but when excited by gravitation the same part 
bends towards the centre of gravity. In almost every 
case we can clearly perceive the final purpose or advan- 
tage of the several movements. Two, or perliaps more, 
of the exciting causes often act simultaneously on the 
tip, and one conquers the other^ no doubt in accord- 
ance with its importance for the life of the plant. 
The course pursued by the radicle in penetrating the 
ground must be determined by the tip; hence it 
has acquired such diverse kinds of sensitiveness. It 
is hardly an exaggeration to say that the tip of the 
radicle thus endowed, and having the power of 
directing the movements of the adjoining parts, acts 
like the brain of one of the lower animals ; the brain 
being seated within the anterior end of the body, 
receiving impressions from the sense-organs, and 
directing the several movements. 
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Abifs communi$. pffcct of killinpr or 
injuriiiK the hading slioot. 1S7 

^ ptetinnla, effect of killing or 

injuring the leading shewt, 187 
affected by JEcidium elatinum. 



Adenanihera parnnin, nyctitropie 
movements of leaflets, 874 
JEcidium elutinum, effect on the 
lateral branches of the silver fir, 



turn, movements 



1S8 






Abrnnia umbellata, its 
loped cotyledon, 78 

• , rudimentary cotyledon, 95 

, rupture of tlie seed coats, 105 

Almlilon Dartcinii, sleep of leaves 
and not of cotyledons. 314 

nocturnal movement of leaves. 






Acacia Farnesiana, state of plant 
when awake and asleep, 381, 382 
— — , appear.rnce at night, 395 

, nyctitropie movements of 

pinnje, 402 

, the axes of the ellipses. 404 

• lophaiitha, eharacter of first 

leaf, 415 

retinoides, circnmnulation of 

young phyllofle, 236 
Acnntlioeicyos borrida, nocturnal 
movement of cotyledon 304 
Acanihns eaudtlabi-um, ine<iuality in 
the two first'leaves, 79 

. , petioles not arched, 553 

lali/idius, variability in fiist 

leaves 79 

mriUis, seedling, manner of 

breaking thiough the ground. 



JEsenlut liipyot 
of radicle, 28, 29 

, sensitiveness of ape.x of radicle, 

172-174 

Albizzia loplutnlha, nycl itropic move- 
ments of hattet.s, 383 

, of pinnte, 402 

Allium cepa, conical protuberance 
on arched cotyledon, .59 

, circumn Illation of basal half 

of arched cotyledon, 60 

, mode of breaking through 

ground, 87 

, straightening process. 101 

porrum, movements of flower- 

stems, 226 

Aloptciiriis pratewh. joints affected 
by apogootropism, 503 
Alo'ysia citriodora, eircumnutation 



1 . 210 



«s. sleep of leaves 387 

eaudotuf, noctural movement 

of cotyledons, 307 
Amnrpha Jruticosa, sleep of leaflets, 



i, 79 



Ampbicarpcea monoica, circumnuta- 
tion and nyctitropie movements 
of leaves, 3t;5 

, effect of sunshine on leaflets. 
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AKODA. 



BRASSICA. 



Amda Wrig}dii, sleep of cotyledons, 
3u2, 3i2 

, of leaves, 324 

. downwiiid movement of coty- 
ledons. 444 

Aplii liotropisin, or negative helio- 
tropi.-m, 419, 432 
Apiim firuvenleii*, heliotropio move- 
ments of hypocolyl, 4^2-424 

luberoea, vertical sinking of 

leaflets at night, 3G8 
Aplum graceoleiis, sleep of eotyle- 
dons, 305 

, petro^eUnum, sleep of cotyle- 
dons, 301 

Apogeotiopic movements effected by 
joints nr pulvini, 502 
ApogeotropUni, 5, 494 ; retordetl by 
licOotropisni, 5ul ; coneluiliug re- 
marks on, 507 

AnvUit hijpngira, eircuinmitation of 
gynophuie, 225 

, efl'eets of rtul ntion on Icavi s, 

289, 29 1 

, movements of leaves, 357 

, rate of movement, 4o4 

, circumiiulntion of vertically 

dependent young gynopi tores, 519 

, downward movement of the 

same, 519 

Arching of various organs, impor- 
tance of, to seedling plants, 87, 
88 ; emergence of hypocotyls or 
epicotyls in the form of an, 553 
Anparagm offirinalis, circumnuta- 
tion of plumulc.s 00-t<2. 

, effect of lateral light. 484 

Aophniam liii Itoniaum, movement 
in the fruiting tionds, 257, n. 
Aftragtdne iiliginosue, movement of 
lentil ts, 3.r5 

Aetna saliva, movimciit of cotyle- 
dons, G5, GO. 

, sensitiveness of tip of radicle 

to moist air, 183 

, heliotropie movement and cir- 

eumnutation of cotyledon, 421,422 

, sensitiveness of cotyledon to a 

laleial liaht, 477 

. , young slieath-like cotyledons 

strongly apogeotropic. 499 



/Irena saliva, movements of oldish 
cotyledons, 499, 5U0 
Arerrlioa hihmhi, leaf asleep, 330 

, angular movements when 

going to sleep, 331-385 

, leaflets exposed to bright 

sunshine, 417 

Azalea Indica, cireumnutation of 
stem, 208 



Bary, de, on the effect of the .^Ici- 
dium on the silver lir, 188 
Bafc.lin, Piof, on the nyctitropie 
movements of leaves, 2>3 ; on tlie 
sh ep of leaves of S.da nnpaea, 
322 ; on Poliigonum aticulare, 
387 : on the elVeet of sunsl.ine on 
leaflets of Oxalis areloseWi, 447 
Sauhinia, nyctitiopic moveineuts, 
373 

, movementsof petioles of young 

teeolings, 404 

, appearance of young plants 

at night, 4ti2 

Bela vulgaris, cireumnutation of 
hypocolyl of seedlings, 52 

, movements of cotyledons, 52, 

53 



, effect of light. 124 

-, nocturnal nioveinent of ci-ty- 

, heliotropic movements of. 



, transmitted iffcct of light on 

hyiMicntyl, 482 

, a|)ogeot opic movement of 

hypocotyl, 49G 

Dignonia caprtolala, nplieliotropic 
movement of tendnis, 432, 45o 
Bouche' on ildaleuva ericcr/vlia, 
383 

Brassica napui, cireumnutation of 
flower-stems 22G 

Brassica ohracea, cireumnutation 
of seedling, 10 

, of radicle, 11 

,geotropic movement of radicle, 
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Dmesica oleracea, movement of 
buried and aiclied liypocot)!, Id, 
H, 15 . p 

, conjoint cireumnutalion ol 

liypoeotyl and cotyledms, 10, 17, 

, of hypoeotyl in durkness, 19 

, of a eoiyledon witli hyp^colyl 

teem ed to a stick, lit, 20 

, rate of movem -nt, 20 

, ellipses described by hypo- 

cotyls wlien erect, 105 

inovenienta of cotyledons, 115 

, of stem, 202 

; of leaves at ni-ht, 229, 

230 

-, sleep of cotyledons, 301 

^ circiimnu'atioii of hypoeotyl 

of seedling plant, -125 

, hfcliotropic movement and 

cireumuutation of hypocotyls, 

426 

. I ffect of lateral light on liypo- 

cotyls, 479-4 H2 

, apogentropic movem nt of 

hvpocot> Is, 500, 501 
Bca^ina ropa, movements of leaves, 
2.40 

Bronuniart, A., on the si ep of 
SIrephium ftoribundmn. 391 
Bruce, Dr., oti the sleep of leaves in 
A terrhoa, 330 

Bnjnphyllum (vel Calanchne) cnlyci- 
iium, movement of leaves, 237 



Criniellia JajMtiica, circum tutation 
of h af, 231, 232 

Caialolle, A. de, on Trapa natang, 
95 ; on sensitiveness of coty- 
ledons. 127 

Cunna WarsceiHc-.ii, circunmuta- 
tion of plumules, 58, 69 

, of le.rf, 252 

Caiinalm sntiva, movements of 
leaves. 2fi0 

, noctmnal movements of coty- 

1 dons, :-;07 



Cannnbis saliva, sinking of the young 
leaves at night, 444 
Cassii, nvetitropio movement of 
leaves. 309 

Casna Barclayana. nocturnal move- 
ment of h aves, 372 

, slight moveinentoflenlleta, 401 

cailianlha, uninjured by ex- 
posure at night, 289. n. 

, nyctilropie movement of 

haves, 371 ^ , 

, circumnutating movement of 

leaves, 372 

corymbosa, cotylcdon-s sensi- 
tive to contact. 126 

, nyetitropic movement of 

leaves, 369 

Jlorilmnda, use of sleep movo- 

raents, 28.) 

, effect of radiation on the 

haves ai night, 214 

, eircuumutatiug and nycti- 

tropic movement of a terminal 
le,itlct, 372, 373 

, moyemeuts of young and older 

leaves, 400 

/or»d(i. cotyledons sensitive to 

contact. 126 

, sler^p of cotyhulons, 308 

gluuca, coty’hdons sensitive to 

contact, 126 

, sleep of cotyledons, 308 

Ixviyata, effect of radiation 

on leave.s 289, n. ^ t f t. 



ledms. 116 

, sen.sitivcn' ss of, 126 

, sleep of, 308 

, nyetitropic movement of 

leaves, 372 

, effect of bright sunshine on 

cotyledons, 446 

neglecta, movements of, 117 

, effect oflight, 124 

, sensitiveness of cotyledons; 

126 

nodosa, non-sensitive cotyle- 

, do not rise at niglit, 308 

pubefcens, non-sensitive coty 

ledons, 126 



© The Complete Work of Charles Darwin Online • 



INDEX. 



577 



CASSIA. 


ORINVH. 


Casela puhetcenn, uninjured by ox 
posuro at night. 203 

, sleep of ootyledon.s, 308 

, iiyctiti-opio movement of 

leaves, 371 

, circumnutatiug movement 

of leaves, 372 

, nyctitiopic movement of 

petiole.s, lOO 

, diameter of plant at niglit, 

402 

movement of cotyledons, 

no 

iora, oirenmnutation of coty- 
ledons and hypoeotyls, 34, 35, 
100, 308 

, elfeet of light, 124, 125 

, bcnsiliveness to contact, 

125 

, Iicliotropic movement ond 

eiriminnutation of liyiiocotyl, 
431 


haves, but not of cotyledons, 314, 
310 

Chenopodium album, movement of 
leaves, 387 

Chlorophyll injured by bright light, 
440 

Ciesielski, on the sensitiveness of 
the tip of the radiele.s, 4, 523 

Cireumnntation, meaning explained 
1 ; modilied, 203-270; and helio- 
tr ipism, relation lx;twecn, 435 ; 
of paramount importance to every 
plant, 547 

Cissua diaeolor, eireunmutation of 
loaf, 233 

Cilrui aurantium, circumnutation 
of cpicotyl, 28 

, unepinl cotyledons, 05 

Clianthm Dumpieri, nocturnal 
movement of leaves, 297 

Coboea scandens, eiicuiunutation of, 
270 


, bypncotyl of seedling slightly 

heliotrojiic, 451 

, apogeotropic movement of old 

hypocotyl, 407 

, movement of hyiHicotyl of 

young seedling, 510 
Caustic (nitrate of silver), effect of, 
on radicle of bean, 150, 150; on 
the common pen, 100. 

Cells, table of the measurement 
of, in the piilvini of Oxnlis 
mriiiiulata, 12U ; changes in, 
547 

Centrosemn. 3o5 

CimtiiphijUum demersum, move- 
ments of stem, 211 
Ceri uK Landheckii, its rudimentary 
cot\ leiloiKs, 07 

s/icciossi'wiKS, circumnutntion 

of stem, 200, 207 

Ccrinlhe major, cireuranntution of 
hypucotyl, 40 

, of cotyledons, 49 

, ellipses described by hypo- 

cotyls when erect, 107 

effect of darkness, 124 

Chatin, M,, on I’inus Nordman- 
ntana, 380 

Chenopodium album, sleep of 


Cohn, on the water so reted by 
Lathru a aquamarin, 80, «. : on 
the movement of leatlets of Uxa- 
lis, 447 

Colulea arborea, nocturnal move- 
ment of Icailets, 355 
Conifene, ciicumnntation of, 211 
Coronilla rotea, leaflets asleep, 3.55 
Corylua avellana, circumnutation of 
young shoot, emitted from the 
epieotyl, 55, 50 

, arched cpicotyl, 77 

Cotyledon umbilicus, circumnuta- 
tion of stolons, 219, 220 
Cotyledons, rudimentary. 01-98 ; 
ciioumnutation of, 109-112 ; noc- 
turnal movements. 111, 112 ; pul- 
vini or joints of, 112-122; dis- 
turbed pr^riodic movements by 
light, 123 : sensitiveness of, to 
contact, 125 ; nyetitropic move- 
ments of, 283, 297 ; list of co!y- 
Icdons which rise or sink at 
night, 300 ; concluding remarks 
on their movements, 311 
Crambe maritima, cireumnulation of 
leaves, 228, 229 

Crinum capense, shape of leaves, 
2.53 
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Crinum capetiee, circumniitation of, 
2-)4 

Cratolaria ^sp. ?). sleep of leaves, 
3K) 

Cryptofiamt, ciicummUation of, 
‘ir)7-259 

Cucuiim ilndaim, movement of coty- 
leJons, 43, 44 

, sleep of cotyledons, 304 

Cwurhila aurantia, movement of 
lij|)ocotyl, 42 

eotyledona vertical at night, 

304 

orlfera, geotropic movement 

of rudi'cle, 38, 39 

, circumnutatiou of archedhypo- 

cotvl, 39 

, of straight and vertical hypo- 

cotyl, 40 

, movements of cotyledons, 41, 

42, 115, 124 

, position of radicle, 89 

, rupture of the seed - coats, 

102 

, circumniitation of hyjiocotyl 

when erect, 107, 108 

, sensitiveness of apex of raili- 

cle, 169-171 

, cotyledons vertical at night, 

304 

, not affected by apogeotropism, 

509 

, tips cauterised transversely, 

537 

Curvature of the ridiclc, 193 
Cycas pectiiiata, circumniitation of 
young leaf, whilst emerging from 
the giound, 58 

, first leaf arched, 78 

, circuninutation of terminal 

leaflets, 252 

Cyclamen I'ersicum, movement of 
cotyleilon, 46 

, undeveloped cotyledons, 78, 

, cireumnutation of peduncle, 

225 

, , of leaf, 246, 247 

, downward apheliotropic move- 
ment of a flower peduncle, 433- 



Cyclamen Persicum, burying of the 
pods, 433 

Cyperus alternifolius, circiimnuta- 
tion of stem, 212 

, movement of stem, 509 

Cylisus fragrant, cireumnutation of 
hypocotyl, 37 

sleep of leaves, 344, 397 

, apogeotropic movement of 

stem, 494-496 



Dahlia, cireumnutation of young 
leaves, 244-246 

Doha alopecuroides, leaflets de- 
pressed at night, 354 

Darkness, cflfect of, on the move- 
ment of leaves, 407 

Darlingtnnia Califomica, its leaves 
or pitchers apheliotropic, 450, n. 

Darwin, Charles, on Maurandia 
ttmperfltirem,‘i±5-, on theSwedisli 
turnip, 230, n. ; movements of 
climbing plants, 266. 271; tho 
heliotropic movement of the ten- 
drils of Bignonia capreolata, 433 ; 
revolution of cliiubing plants, 
451 : on the curling of a tendril, 
570 

, Erasmus, on the peduncles of 

Cyclamens, 433 

, Francis, on the radicle of 

Sinapit alha, 486 ; on Hygrosco- 
pic seeds, 489, n. 

Datura etramoniiim, nocturnal 
movement of cotyledons, 298 

Dclpino, on cotyledons of Chssro- 
phyllum and Corydalis, 96, «. 

Delphinium nudicaule, mode of 
breaking through the ground, 80 

, continent petioles of two coty- 
ledons, 553 

Desmodium gyrant, movement of 
leaflets, 257, n. 

, position of leaves at night, 

285 

, sleep of leaves, not of coty- 
ledons, 314 

, eireiininutation and nycti- 
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EUPHORBIA. 

Euphorbia jacquinen-flora, nycti- 
tropic movement of leaves, 38S 



F. 

Flaliault, M., on the rupture of 
seed-coats, 102-104, 106 

Flower-stems, eireumiiutation of, 
223-226 

Fragaria Rosacea, eircumnutation 
of stolon, 214-218 

Frank, Dr. A. B., the terms Hclio- 
tropisin and Geotropism, first 
used by liim, 5, n. ; radicles acted 
on by geotropism, 70. n . ; on tlio 
stolons of Fragaria, 215; periodic 
and nyctitropio movements of 
leaves, 284; on the root-leaves 
of plants kept in darkness, 443 : 
on pulvini, 485 ; on natural 
selection in connection with 
geotropism, beliotropism, &o., 
570 

, on Transversal- Heliotropis- 

mus, 419 

Fuchsia, circumnut.ition of stem, 
205, 206 



0 . 

Gazania ringens, eircumnutation 
of stem, 208 

Genera containing sleeping plants, 
320, 321 

Geotropism, 5 : effect of, on the 
primary radicle, 196 ; the reverse 
of apogeotropism, 512 : effect on 
the tips of radicles, 543 
Geranium cinereum, 304 

Endressii, 304 

Ibericum, noeturn.al movement 

of cotylerlons, 298 

Richardsoni, 304 

rotundi/oUum, nocturnal move- 
ment of cotyledon, 304, 312 

subcaulescens, 304 

Germinating seed, history of a, 
548 



GYMJfOSPERMS. 

Gilbago segelum, eircumnutation of 
hypocotyl, 21, 108 

, burying of hypocotyl. 109 

, seedlings feeMv illuminated, 

124, 128 

sleep of cotyledon. 302 

Glaneium luleum, eircumnutation 
of young leaves, 228 
Gledksckia, sleep of leaves 338 
Glycine hispida, vertical si iking of 
h aflets, 366 

Ghjnjrrhiza, leaflets depressed at 
night, 355 

Godlewskl. Emil, on the turge- 
scence of the cells, 485 
Gooseberry, effect of radiation, 28 1 
Gossypium (var. Nankin cotton), 
eircumnutation of hypocotyl, 
22 

, movement of cotyledon, 22, 23 

, sleep of leaves, 324 

arboreum sleep of cotyle- 
dons, 303 

hraziliense, nocturnal move- 
ment of leaves, 324 

, sleep of eotyledons, 303 

herbaceum, sensitiveness of 

apex of radicle. 168 

, radicles cauterised tr,ans- 

versely, 537 

maritimum, nocturnal move- 
ment of leaves, 324 
Gravitation, movements excited by, 
567 

Gray, Asa, on Delphinium nudi- 
caule, 80; on Megarrhiza Cali- 
Jornica, 81 ; on the movements in 
the fruiting fron Is of Asplenium 
Iriehoinanes, 257 ; on the Amphi- 
rarpeea monoica, 520 ; on the 
Ipomcea Jalappa, 557 
Grease, effect of, on radicles and 
their tips. 182, 185 
Gressner, Dr. H., on the cotyledons 
of Cyclamen Persicum, 46, 77 ; 
on hypocotyl of the same, 96 
Gymnosperms, 389 
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n.\BEELANDT. 



H. 

Ilaberlandt, Dr., on the protiibo- 
ranoo on tliu liypocotyl of Allium, 
50 ; the impurtaiiru of the arch 
lo secdliii;!' phiiita, 87 ; sub- 
noriiil nml subternuic.'in colylu- 
dons, lU), n. ; the nrulicd hypo- 
cotyl, 55t 

Usemat'-xylun CamjiechianHin, noc- 



Uedtra helix, circumnutatioii of 
btem, 207 

Hethjsnrum corontriiim, nocturnal 
movenieiils of leaves, 350 
Ileliaiitliemum proetratum, geotro- 
pic movement of flower-heads, 
518 

Ilehunlhue annuus, circumnutation 
of hypoeotf 1. 45 

, arehing of liypocotyl, 90 

, nocturnid movement of coty- 
ledons, 805 

Heliotropism, 5 ; uses of, 449 ; a 
modified Ibrm of circumnutation, 
491) 

Eellehorus niger, mode of breaking 
through the ground, 80 
Ilenseii, Prof., on roots in worm- 
burrows, 72 

Heuslow, Itev. G., on the coty- 
ledons of I halaru Caiiarieims, 

Hofmeister, on the curious move- 
mi nt of Spirogyr.i, 8, 259, n . ; of 

25.) : of cotyledons ut night, 297 ; 
of petals, 414 

and Bitalin on the movements 

of the cabbage, 229 
Hooker, Sir J., on the i ffoet of light 
on the pitchers of Sarraceiiia, 
450 

Hypocolyl, 5 ; manner of break- 
ing through the ground, 77 ; 
emerges under tho form of an 

Hypoeotyls and Epicotyls, circum- 



IPOMCBA. 

nutation and other movements 
when arched,9.S; power of straight- 
ening thoniselvos, 190; rupture 
of the seed-coats, 102-109 ; illus- 
tration of, 106; eirciimnutition 
when erect, 107 ; when in dark, 
108 

Ilyponasty, C, 297 



Iberis umbeHaUi, movement of stem, 

202 . 

Illumination, effect of, on tho sleep 
of leaves, 898 

Imalophijllum vel Clieia (sp. ?), 
niovemeut of leaves, 255 
Iiuligofera tinctoria, leaflets de- 
pressed at night, 351 
luberitanco in plants, 407, 491 
Insectivorous and climbing plants 
not heliotiopic, 450 ; influence of 
light on, 488 

Ipomiea bona nox, arching of hypo- 
cotyl, 90 

, nocturnal position of coty- 
ledons, 309, 312 

ccerulea vel I'harbilia nil, 

circumnutation of secdli igs, 
47 

, movement of eotvledons, 47- 

49, 109 

, nocturnal movements of eoty- 

ledons, 395 

, sleep of leaves, 386 

, sensitiveness to light. 451 

, tho hypocotyledonous stems 

heiiotropie, 453 

, coceinea, position of coty- 
ledons at night. 399, 312 

leptophylla, miHle of breaking 

through It.e ground, 83, 84 

, arching of tho i>etioles of the 

cotyledons, 90 

, diflereuco in sensitiveness to 

gravitation in different parts, 
509 

, extraordinary manner of ger- 
mination, 557 
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Iportura pandntata, n anner of ger- 
n.inaii. n, 84,.5.')7 

purpurea (vcl Tharhitis his- 

pida), iiOi'tnrniil movement of 
cotyledons. 305, 312 

sleep of leave?. 386 

, sensitiveness to light, 451 

, the hypocfityledonous stems 

helintropic, 453 

Iris pseu lo-acortu, circumnutation 
of leiives, 253 

Irinisch, on cotyledons of JZnimii- 
culus Ficaria, 06 
Ivy, its stems heliotropic, 451 



Kcnier on the bending down of pe- 
duncles, 414 

Klinostat, the, an instrument de- 
vised bv Sachs to chininate gco- 



tropisrti, 03 

Kraus, Dr. Carl, on the underground 
shoots of Triiiciim repens, ISO; 
on Cannabis saliva, 250, 307, 
312 ; on the movements of leaves, 
318 



Lachtca seariola, sleep of cotyle- 
dons, 305 

Laijenaria vulgaris, circumnutation 
of sei dlings, 42 

, of cotyledons, 43 

, cotyledons vertical at night, 

301 

Lathr.va squanuiria, mode of 
breaking through the ground, 
85 

. quantity of waler secreted, 

85. 86, n. 

Lnihyras nissolia, circumnuta- 
tioii of stem of young seedling, 

, ellipses described by, 107, 

108 

Leaves, cireumnutation of, 226- 



262 ; dicotyledons, 226-2.52 ; mo- 
nocotyledons, 252-2.57 : nyctitro- 
pism of, 280 : their temperature af- 
fected iiy their position at night, 
294 ; nyctitropic or sleep move- 
ments, 315, 394 : periodicity of 
their movements inherited, 407; 
cmbryohigy of. 414; so-called 
diurnal sleep, 445 
Leguminosre, sleep of cotyledons, 
308 ; sleeping species, 340 
Le Maout and Deeaisne, 67 
Lepidium sativum, sleep of cotyle- 
dons, 302 

Light, movements e.xcitcd by 418, 
563; influence on mo-t vegetable 
tissues, 486 ; acts on plant as on 
tho nervous system of animals, 
487 

LiUum aiiratuin, ciicumnutation of 
stem, 212 

, npogeotropic movement of 

stem, 498, 49J 

Linnmus, ‘Somnus Plantnrum,’ 
280; on plants sleeping, 320; 
on, the leaves of Skla abulilon, 
324; on CEnothera mullissima, 

Linum Berendieri, nocturnal move- 
ment of cotyledons, 298 

nsitalissimum, circumnutation 

of stem, 203 

Loli'im pereiine, joints affected by 
apogeotropism, 502 
Lonicera hrachijpoda, hooking of tho 
tip, 272 

, sens tivencss to light. 453 

Loomis, Jlr., on the movements in 
the fruiting fronds of Asplenium 
irichomanes, 257 

Loltis aristata. elTect of radiation 
on leaves, 292 

Creticus, leaves awake and 

asleep, 354 

Gebelii, noclurual luovement 

of cotyledons, 308 

, leaflets provided with pulvini, 

353 

Jacobreus, movements of coty- 
ledons, 3.5, 109 
, pulvini of, 115 
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Lolu» Jacohmis, movcmcnta at 
night. lU!, 121. 124 

, flevelopnunt of pulvini, 122 

, sleep of ciityledoiis, H08, 313 

. nyutitropic movement of 

haves, 353 

mujor, sleep of leaves, 353 

j)erignnua, movement of leaf- 



s, 353 



Lunularia vulgaris, circumnutation 
of fronds, 258 
Lupinus. 340 

alinfrmu, sleep of leaves, 344 

Uarhcegii, sleep of leaves, 



341 



circumnutation of coly- 
ledoiis, 3-i, 110 

, < ffect of darkness, 1 24 

Lupinus, position of leaves when 
asleep, 341 

, ditlcreiit posi lions of leaves at 

night, 343 

, varieel movements of leaves 

and leaflet-*. 3i»5 

Menziesii, sleep of leaves, 343 

mutabilis, sleep of leaves. 



— nanus, sleep of leaves .343 

— piloius, sluip of leaves, 340, 



311 

pohjplnjllus, sleep of leaves, 

343 

puhescens, sleep of leaves by 

day ami night. 342 

, position of petioles at night, 

343 

, movements of petioles, 401 

sjiecinsus, eireumnutation of 

leaves, 230 

Lyneli, Mr. R., on Pachira aqua- 
tica, 95, n . ; sleep movements of 
Acerrhoa, 330 



ilarania aruiidinacea, nyctitropic 

, after much agitation do not 

sleep, 319 



Marsilia quadrifnlialn, effect of ta- 
dialion at night. 292 

, circiunnulatiori and nyeti- 

tropie movement of leaflets, 3 j2- 
3J4 . 

, rate of movement, 404 

Marlins, on r.idiation at night, 
284, n. 

Master-s Dr. Maxwell, on the lead- 
ing shoots of the Conifer.iv, 211 
Maurandia semperjlorens, circumuu- 
tation of peduncle, 22.) 

Mi-dicago macalala, iiouturnal posi- 



marina, leaves awake and 

asleep, 344 

Meehan, Mr., on the effect of an 
iEeidium on Purtulaca oleracea, 



189 



, germina*ion described by Asa 



, singular manner of germina- 
tion, 83, 550 

Melal-uca ericoefolia, sleep of leaves, 



Melilotus, sleep of leaves, 345 

allxi, sleep of leaves, 347 

ca rulea, sleep of leaves, 347 

denlata, effect of radiati-jn at 

night, 295 

elegans, sleep of leaves, 347 

gracilis, sleep of leaves, 347 

iiifesla, sleep of leaves, 347 

llalira, leaves exposed at 

night, 291 

, sleep of le.avcs, 347 

macrorrliiza, leaves exposetl at 

night, 292 

, sh ep of leaves, 347 

messanensis, sleep of leaves on 

full-grown and young plants, 
348, 410 

officinalis, effect of exposure of 

leaves at night, 290, 296 

, nocturnal movement of leaves, 

340, 347 

, circumnutation of leaves, 348 

, movement of petioles, 401 
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Melihttis parcijlora, sleep ofleaves, 
347 

Pftitpierreaiia, leaves exposed 

at ni-ht, 291, 29G 

, sleep of leaves, 347 , 

secamUJlora, sleep of leaves, 

347 

funveohits, leaves exposed at 

night, 291 

, sleep of leaves, 347 

sulcata, sleep of leaves, 347 

Taurica, leaves exposed at 

night, 291 

, sleep of leaves, 347, 415 

Methods of obsereation, 6 
Mimosa allridn, eotyledons vertical 
at n.ght, IIG 

, not sensitive to contact, 127 

, sleep of c.tyledons, 308 

, rudimentary leaflets, 3J4 

, nyctitro|iic movemeuU of 

Icavo.e, 379, 380 

, circumnutation of tire ra.iin 

petiole of young leaf, 381 

, torsion, or rotation of leaves 

and Icafl. ts, 400 

, first true leaf, 416 

, effect of br'gl.t sunshine on 

basal leaflets, 445 

marijinata, nyclitropic move- 
ments of lea Gets, 381 
pudica, movement of coty- 
ledons, 105 

• , rupture of the seed-coats, 

105 

, circumnutation of cotyledons, 

109 

, pulvini of, 113, 115 

, cotyledons vertierd at night, 

116 

, hardly sensitive to contact, 

127 

, effect of exposure at night, 

293 

, nocturnal movement of leaves, 

297 

, sleep of cotyledons, 308 

, circumnutation and nycti- 

tropic. movement of main petiole. 



Mimosa alhida, circumnutation ond 
nvctitropic movement of pinnie, 
402 

, number of ellipses descrilied 

in given time, 406 

, effect of bright sunshine on 

leaflets, 446 

Mirahilis jalapa and longiflora, 
nocturnal movements of cotyle- 
dons, 307 

, nyclitropic movement of 

leaves, 387 

Mold, oil heliotropism in ten- 
drils, stems, and twining plants, 
451 

Momcntum-lilie movement, the ac- 
cumulated efl’.cts of apogeo- 
tropi-ni, 508 

MonocotyUdons, steep of leaves, 
389 

Monotropa hijp^piti/s, mode of 
br, aking through the ground, 86 

Morren, on the movements of 
stamens of Spaimanuia and 
Cereus, 226 

MUlUr, Fritz, on Cassia torn, 3i; 
on the circuinuutation of Linum 
usitatissimum, 203; movements 
of the Bower-stems of an Alisma, 
226 

Mulisia clematis, movement of 
leaves, 246 

, leaves not heliotropic, 451 



Natural selection in connection 
with geotropism, heliotropism, 
&c., 570 

Nephrndium molle, circumnutation 
of very young frond, 6j 

, of older frond, 257 

, slight movement of fronds, 

509 

Neptunia oleracea, seusitiveness to 
contact, 128 

, nvctitropic movement of leaf- 
lets. 374 

, of pinnae, 402 
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Nirntiwia glauca, sleep of leaves, 

aSo, 3S0 

, ciicumuutation of leaves, 

38t) 

Noblie, oil the nipturc of the seeil- 
conts iu a seedliug of jilartijnia, 
10.1 

Nolaim prostrata, movement of seed- 
lings in tiicdai k, 50 

, eiieuiumitation of seedling, 

108 

Nvetitropic movement of leaves, 
'500 

Nyctitiopism, or sleep of leaves, 
281 ; in connection with radia- 
tion, 286; object gained by it, 

4ia 



Observati^ n, methods of, 6 
(Enothera moHisSima, sleep of leaves, 
383 

Opuntia luxsilaris, conjoint ciicum- 
nutation of hypoeolyl and coty- 
ledon, 

— thickening of the hypocotyl, 
96 

eircuinnutaiiou of hypocotyl 

when erect, 107 

, burying of, 109 

Orange, seedling, eireumuutalion 
of, 510 

Orchis pyramidalu, complex move- 
ment of pollinia, 489 
Oxidis acetosclla, cireurauutation of 
flower-stem, 224 

, effects of exposure to radia- 
tion at night, 287, 288, 296 

, cireumnutation and nycti- 

tropic movement in full-grown 
leaf, 326 

, cireumnutation of leaflet when 

asleep, 327 

, rate of eircumnutation of 

leaflets, 404 

, effect of sunshine on leaflets, 

447 

, ciremnnutation oi peduncle, 

506 



Oxalis acctusclla, seed-capsules, only 
oceasionally buried, 518 
arlienlala, noeturnnl move- 
ments of cotyledons, 307 
{Biophylum) sensdiva, ra- 
pidity of movement of cotyledons 
during the day, 26 

, pulvinus of, 113 

, cotyledons vertical at night, 

116, 118 

bupleurifolla, cireumnutation 

of foliaceous petiole, 328 
, nyetitropic movement of ter- 
minal leaflet, 329 

carnosa, cireumnutation of 

, epinastic movements of flower- 

stem, 504 

, effect of exposure at night, 

288, 296 

, movements of the flower-pe- 
duncles due to apogeotropism 
and other forces, 503-506 

corniculata (var. cuprea, 

movements of cotyledons, 26 

, rising of cotyledons, 116 

, rudimentary pulvini of coty- 
ledons, 119 

, development of pulvinus, 

122 

. effect of dull light, 124 

, experiments on leaves at night, 

288 

florihunda, pulvinus of coty- 
ledons, 114 

, nocturnal movement, 118, 

307^ 313 

fragrans, sleep of leaves, 

324 

Ortegesii, circumnutution of 

flower stems, 224 

, sleep of large leave.s, 327 

- — , diameter of plant at night, 
402 

, large leaflets affected by bright 

sunshine. 447 

Blumierii, sleep of leaves, 327 

purpurea, exposure of leaflets 

at night, 293 

rosea, ciicumnutation of coty- 
ledons, 23, 24 
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PJiaseolus muUiflonis, mo 
rmlxlcs. 29 

, of young mdicle, 72 

— , of liyjioootyl, 91, 93 

, seiis.li veiiess of apex of railicle, 

1U3-1U7 

, to nioUt air, 181 

, cauUrisatioa and grease on 

the tips, 535 

, nocturnal movement of leaves, 

3U8 

, nyotitropic movement of tlie 

fiist unifoli.cle leaves, 397 

Ituxburghii, effect of bright 

sunshine on lirst leaves, 415 

, vutgaHn. 93 

, sleep of leaves, 318 

, vertical sinking of leaflets at 

night, 308 

rhi/llauthus Niruri, sleep of leaf- 
lets, 388 

liiioidts, sleep of leaves, 

387 

Pildcereus H'.uUetii, rudimentary 
colyledons, 97 

Pimelia spectabilis, sleep of leaves, 



Piiim 

lea 






51, 252 



T. circuuinutati 



Aordmauniann, nyctitropic 
movenunl of leaves, 389 

piniister, circumnutution of 

hyp.icjiyl, 50 

, movement of two opposite 

cotyledons, 57 

— — , eiiciimnut ition of young leaf, 
250, 251 

. epinastic downward move- 
ment of young leaf, 270 
vemeut of 



lea 



s, 255 



!Htn salicum, sensitiveness of 
apex of radielo, 158 

, tipi of radicles cauterised 

tmnsvcrsely. 534 

Plants, sensitiveness to light, 
449; hygroscopic movements of, 
489 



QUEliCrS. 

Plants, climbing, circumnutation of, 
201 ; movements of, 559 

, mature, cirouuiuutation of, 

201-214 

Pliny on the sleep-movements of 
plants, 28 ) 

Plumbago Capensie, circumnutation 
of stem, 208, 209 

Poinc.iana GiUiesii, sleep of leaves, 
308 

Polygonum aviculare, leaves vertical 
at night, 387 

— j-- coHvolmUus, sinking of the 

Pontederia (sp. ?), cii'cumnulation 
of leaves, 250 

Porlieria hygromefrica, circuin- 
nutation and nyctitropic move- 
ments of petiole of leaf, 335, 
330 



413 

Portulaca ohracea, effect of ^ci- 
diuin on, 189 

Primula Sinensis, conjoint circum- 
nutatiou of hypocotyl and coty- 
ledon, 45, 40 ■ 

Pringsheim on the injury to chloro- 
phyll, 440 

Prosupis, nyctitropic movements of 
leaflets, 374 

Psorulea acaulis, noctuinal move- 
ments of leaflets, 354 

Pteris aquiliiia, lachis of, 80 

Pnlvini, or joints; of cotyledons, 
112-122; influence of, on the 
movements of cotyledons, 313; 
eftect on nyctitropic movemenis, 
390 



Q. 

Quercue (Ameiican sp.), circumnu- 
tation of young stem, 53, 54 

robur, movement of radicles, 

54, 55 

, sensitivCTiess of apex of 

radicle, 174-170 
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Querms virenn, mauner of germina- 
tion, 85, 557 



K. 

Radiation at night, effe; t of, oa 
1. aves, 281-286 

Radicles, manner in \rhich tliey 
penetrate llie ground. 69-77 : cir- 
cumnutation of, 69 ; experiments 
with split stiiks, 74: with 

woollen pincers, 75; sensitivene.ss 
of apex to contact and other irri- 
tants, 129: of Vida f aha, 132- 
15.8; various exiieriments, 135- 
140 ; summary of lesnlts, 143-151; 
power of an irritant on, com- 
pared with geotropism, 151-154 ; 
sensitiveness of tip to moist 
air, 180 ; avith greased tips, 
185; effect ofkillitig or injuring 
the primary radicle, 187-191 ; 
curvature of, 193: affected by 
luoisture, 1!I8 ; tip alone sensitive 
to geotropism, 51'); piotriision 
and circuranntation in a germina- 
ting seed. 548; tip highly sen- 
sitive, 5:>0: the tip acts liLi the 
braiti of one of the lower aniraaks, 
573 

, secondary, sens'tivi ness of 

the tips in the bean, 151; become 
vertically geotropic, 186-191 
Ramey on tlie movements of the 
cotvlcdons of Mimosa jiwiica, 
an lCiiaulhits Pamplen at night, 

297 

llamtimilus Fiearia, mode of 
breaking through the gr und, 
86, 90 

, single cotvledon, 96 

, eff. ct of lateral light, 484 

Jiaphanus saliva, s nsititeuess of 
apex of radicle, 171 

, sleep of cotyleilons. 301 

Rattan, Mr., on the g.-rmination of 
the seeds of Merjarrhiia CaVfor- 
nim, 82 

Relation between circumimtation 
and heliotro| ism, 435 



SACHS. 

Iteseda odorata, hypocotyl of seed- 
ling slightly heiiotropic, 454 

Reversiom due to mutilation, 190 

Ithipsnlis cassytha, rudimentary co- 
tyledons. 97 

Jiidnns Boiboiiiensis, circiininula- 
tion of arched hypocotyl, 53 

Robinia, effect of bright sunshine 
on its leaves, 445 

pseudo-ncada, leaflets vertical 

at night, 355 

Rodicr. M., on the movements of 
Ceratnphyllum denursum, 211 

Royer, Co., on the sleep-movements 
of plants. 281, n. ; oti the sle< p of 
h aves, 318 : the leaves of Mvdi- 
cago maciilata, 345 ; on Wistaria 
Sinensis. 354 

Ruhiis idatis (hybri.l) circuiunula- 
tion of stem, 205 

, airogcotropic movement of 

stem, 498 

Ruiz and Pavon, on Porlier.'a liy- 
grometrii-a, 336 



S. 

Sachs on *■ revolving nutation,” 1 ; 
intimate connection between tur- 
gescence and grow th, 2, n. ; coty- . 
ledon of the onion, 59 : ailapta- 
I lion of root-hair.s 69 ; the move- 
ment of the rad cle, 70, 72, 73 ; 
movement in the hypocotyls of 
the bean, &c . 91 : sensitiveness 
of liidicles. 131, 145, 198: sen-i- 
tiveness of the primary radicle 
in the bean, 155; in the com- 
mon pi>a, 156 : eft’ect of moi>t 
air, 180; of killing or injuring 
the primary radicle. 186, 187 ; 
circumnutation of flower-stems, 
225 ; cpinasty, 268 ; movements 
of leaflets of Tri/olium iiicar- 
natum. 350; action of light in 
inolifying the pei iodic move- 
ments of leaves, 418 ; on geotro- 
pism and heliotropism, 436, n. ; 
on TropceoUtm majns, 453 ; 
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SARRACENIA. 

on tho liypncntyls slightly helio- 
tropic, and stems strongly iiphe- 
liotropic of tlie ivy, 45;! ; he- 
liotropisni of radicles, 482 ; ex- 
periments on tips of ralielos 
of b-an, .523, 524 ; curvature of 
the liypocotyl, 555 ; resemblance 
hitween plants and animals, 
.571 

Snrraceniii purpurea, cirt-nmnuta- 
tion of young pitcher, 227 
Suxifritija sarmentnga, circitm- 
luitation of an inclined stolon, 
218 

SchranJcia aculeaia. nyctitropic 
movement of the pinme, 381, 
403 

una'nata, nyctitropic move- 
ments oflcaflets. 381 
Securigera cornnilla, nocturnal 
movements of leaflets, 352 
Seed-capsules, burying of, 513 
Seed-coals, rnptnre of, K.2-10G 
Seedling plants, circumuutating 
movements of, 10 

Selagiiieilfi, circumnutalion of, 258 

■ A-ra..«MV(0,cireuinnutation of 

young idant, 6(i 

Sicia vapeen, depression of leaves at 
night, 322 

, no pulvinns, 322 

retusa, vertical rising of haves, 

322 

rhomb folia, sleep of cotyledons, 

308 

, sleep ofleaves, 314 

, vertical rising nfleaves, 322 

, eireumnutalion and nycti- 
tropic movements of leaf of young 

, nyctitropic movement of 

leaves, 397 

Siegesheclcia orientalig, ship of 
leaves, 319, 384 

SinapiK alba, livpocotvl bending to- 
« arils the light, 4fil 

. transmitted ethet of light on 

radicles, 482, 483, 507 
, growtli of radicles in dark- 
ness, 486 



STAPELIA. 

Sinapis nigra, sleep of cotvledons, 
301 

Smilax aspera, tendrils aphelio- 
tiopic, 451 

Smilhia Pf undii, nf>n - sensitive 
cotyledons, 127 

, liyponastie movement of the 

curved summit of tlie stem, 274- 
276 

, cotvledons not sleeping at 

night. :i08 

, vertical movement of leaves, 

356 

sensilii a, sensitiveness of coty- 
ledons to contact, 126 

. sleep of C'ltyli dons, .308 

Sophora chrysophglla h aUelsriseat 
night, 368 

Solanum dulcamara, circumnuta- 
tiug stems, 266 

■ hjcopersicum, movement of 

hypocotyl, 50 

, of cotylcd ms. 50 

, effect of darkness, 124 

, lising of cotyledons at night. 

306 

, heliofrop'c movement-i ot 

hypocotyl, 421 

, effect ofan intermittent I'ght. 

457 

, lapid heliiitropi m, 461 

tatioii of arched hvpoentyl, 51. 
100 

, of cotyledon, 51 

, ellipses de.-cribi d by hypo- 
cotyl when erect, 107 

, nocturnal movement of cot\- 

ledons, 306 

Sparganimn ramosum, rhiz' mes of 
189 

Spheerophym salsola, rising of 
leaflets, 355 

Spirotiyra princeps, movements of, 
259, ». 

Stal 1, Dr., on the effect of iEci- 
dinni on shoot, 189; on the in- 
fluence of li.ght on swarm-spores, 
488, n. 

Slapelia sarpedun, circuranutation 
of hypocotyl, 46. 47 
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Stapelia larpedon, minute coty- 
ii'don.s, 97 

Stellari'a media, nocturnal move- 
ment of leaves. 297 
StciUH, ciicumnutation of, 201-214 
Stolons, or Eunnei-s, circumnuta- 
tion of, 214-222, 558 
Stnisbur^er, on the effect of light 
on spores of Hiematoc ens, 455, n. ; 
the influence of light on tl.e 
swarm-spores, 488 
Strawherry, stolons of the, circum- 
nutati-, hut not affucteJ hy mode- 
nite light, 454 

Slrephium florihvndum, circiiranu- 
tiition and nyclitropic movement 
of leaves, 391, 392 



Tamarindut Indica, nvctitropic 
movement of leaflets, 374 
Transversal - heliotropi-mus (of 
Frank) or diaheliotropism, 438 
Trapa natans, unequal cotyledons, 
95, 11. 

Tecoma radicam, stems aphelio- 
tropie, 451 

Tephrosia carihxa, 351 
'J’eiminology, 5 

Thalia decilhala, sleep of leaves. 



, lateral movement of leaves, 

404 

Trichosantlies antpiiiia, action of the 
peg on tile radicle, 104 
. nocturnal movement of coty- 
ledons, 304 

Tri folium, position of terminal leaf- 
lets at night, 282 

globosiim, with hairs protecting 

the seed-bearing flowers, 517 

glmneratum, movement of 

cotyledon.s, 309 

incaniatum, movement of 

cotyledons. 309 

PaimonicHm, shape of first 

true leaf, 350, 415 



Trifolium pratense, leaves esposed 
at night, 293 

repent, circumnutation of 

flower-stem, 225 

, cireuninutating and cpinastic 

movements of flower-stem, 270- 
279 

, nvctitropic movement of 

leaves, 349 

, ciicumnutation and nycti- 

tropic movem fits of terminal 
leaflets, 352, 353 

, sleep movements, 349 

retupioatum, no pulvini to 

cotyledons, 118 

, circumnutation of stem, 204 

, effect of exposure at night, 

295 

, cotvledons not rising at 

night, 118, 309 

, circumnutation and nycti- 

tropic movements of terminal 
leaflets, 351, 352 

ttriclmn, movements of coty- 
ledons nt night. 110. 118 
, nocturnal and diurnal move- 
ments of cotyledons, 309-311, 
313 

, movement of the left-hand 

catylcdon, 310 

tuhlerraneum, movement of 

flower-head.s, 71 

, of cotyledons at night, 110, 

118,309 

. circumnutation of flower-stem, 

224, 225 

, circumnutation and nyeti- 

tropic movements of le.ivcs, 350 

, number of ellipses in 24 

hours, 405 

, bury ing its flower he ids, 513, 

514 

, downward movement of pi - 

duncle, 515 

. ciicumnutating movement of 

peduncle, 510 

Tr,gonella Cretira, sleep of leaves, 
345 

Triticnm repent. underground 
shouts of, become apogeotropic, 
189 
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I’riticum vulgare, Bensitivencss of 
tips of radicle to moist air, 184 
Tropce.olum majus (?), sensitiveness 
ofape.x of radicle to contact, 167 

, cii'cumnutation of stem, 204 

, influenco of illumination on 

uyctitropio movements, 838-340, 
344 

, heliotropic movement and 

cireumnutation of epicotyl of a 
youiiK seedling, 428, 429 

, of an old internode towards a 

lateral light, 430 

, stems of very young plants 

highly heliotropic, of old plants 
slightly apheliotropio, 453 

, eftect of lateral light, 484 

minus (?), cireumnutation of 

buried and arched epicotyl, 27 



Ulex, or gorse, first-formed leaf of, 
415 

XJraria lagopus, vertical sinking of 
leaflets at night, 365 

Vaucher, on the burying of the 
flower-heads of Trifolium suh- 
teiraneum, 513; on the protec- 
tion of seeds, 517 

Verbena melindres (?), circumnufa- 
tion of stem, 210 

, apogeotropic movement of 

stem, 495 



V. 

Vida faha, cireumnutation of ra- 
dicle. 29, 3d 

, of epicotyl, 31-33 

, curvature of hypocotyl, 92 

, sensitiveness of apex of ra- 
dicle, 132-134 

, of the tips of secondary ra- 
dicles, 154 

, of the primary radicle above 

the apex, 155-158 

various experiments, 135-143 

, summary of results, 143-151 

, power of an irritant on, com- 

26 



Vida faha, cu'cumnutation of leaves, 
233-235 

, cireumnutation of terminal 

leaflet, 235 

, effect of apogeolropism, 444 

, effect of amputating tlio tips 

of radicles, 523 

, regeneration of tips, 526 

, short exposure to geotropic 

action, 527 

, effects of amputating the tips 

obliquely, 528 

, of cauterising the tips, 529 

, of grease on the tips, 534 

Vines, Mr., on cell growth, 3 
Vries, De, on turgescence, 2 ; on 
cpinasty and hyponasty, 6, 267, 
268 ; the protection of hypo- 
cotyls during winter, 557 ; stolons 
apheliotropio, 108 ; the nycti- 
tropic movement of leaves, 283 ; 
the position of leaves influeneed 
by epinusty, their own weight and 
apogeotropism, 440 ; apogeotro- 
pUm in petioles and midribs, 443 ; 
the stolons of strawberries, 454; 
the joints or pulvini of the Gra- 
mincse, 502 



Watering, effect of, on Porlieria 
hygrometrica, 336-338 
Wells, ‘Essay on Dew,’ 284, n. 
Wiesner, Prof., on the circumnuta- 
tion of the hypocotyl, 99, 100; 
on the hooked tip of climbing 
stems, 272 ; observations on the 
Qffect of bright sunshine on 
chlorophyll in le.ives, 446; the 
effects of an intermittent light, 
457 ; on aerial roots, 486 ; on 
special adaptations, 490 
Wigandia, movement of leaves, 248 
Williamson, Prof, on leaves of 
Drosera Capiensis, 414 
Wilson, Mr. A. S., on the move- 
ments of Swedish turnip leaves, 
230, 298 
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Winkler on the protection of seed- 
lings, 108 

TTss/arfa Sinen$is, leaflets depressed 
at night, 8o4 ^ . , , , i 

, circumnutation wilh lateral 

light, 452 



Zea Mays, circumnutation of coty- 
ledon, 64 



Zea Mays, gcotropic movement of 
radicles, (!5 

sensitiveness of apex of ra- 
dicle to contact, 177-170 

, secondary radicles, 179 

, lieliolropic movements of 

seedling, 64,421 . 

, tips of radicles cauterised, 

539 

Zukal, on the movements of Spiru- 
lina, 259, 
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